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ABSTRACT 


The  purpose  of  this  program  was  to  develop  design  information  on  four 
titanium  alloys  for  inclusion  into  Military  Handbook-5*  The  alloys 
investigated  were  Ti-6Al-4v  Condition  STA,  Ti-4Al-3Mo-lV  Annealed 
Condition,  Ti-13V-llCr-3Al  Annealed  Condition,  and  Ti-6Al-6V-2Sn 
Annealed  Condition  and  Condition  STA. 

The  mechanical  properties  investigated  were  tensile,  compression,  shear, 
bearing,  fracture  toughness  and  fatigue.  The  general  results  obtained 
are  presented  in  Section  VII  of  this  report  and  the  data  generated  for 
Military  Handbook-5  are  presented  in  Section  VIII. 

This  abstract  has  been  approved  for  public  release  and  sale;  its  dis¬ 
tribution  is  unlimited. 
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SECTION  I 


INTRODUCTION 


1.1  PURPOSE  OF  THE  PROGRAM 

The  program  objective  was  to  support  the  development  of  MIL-HD3K-5  data 
on  titanium  alloys  by  conducting  a  mechanical  property  design  data  program 
for  four  selected  titanium  alloys.  The  alloys  evaluated  are: 

1.  Ti-4Al-3Mo-lV  Oond.  A  -  Sheet 

2.  Ti-13V-llCr'3MCond.  A  -  Sheet 

3.  T1-6A1-4V  Cond.  STA  -  Plate 

4.  Ti-6Al-6V-2Sn  Cond.  A  and  STA  -  Plate 

The  mechanical  property  tests  performed  were  tension,  compref ■'ion,  bearing, 
shear,  and  thermal  stability  at  temperatures  from  ambient  to  dOOF  in  con¬ 
junction  with  fracture  toughness  and  fatigue  testa  at  room  temperature. 

The  date  generated  was  compared  with  data  obtained  by  means  of  a  literature 
search. 

1.2  BACKGROUND 

MIL-HDBK-5  has  long  been  accepted  by  the  DOD  and  the  FAA  as  the  appropriate 
source  of  design  allowables  on  structural  materials.  In  order  to  establish 
and  maintain  an  acceptable  level  of  confidence  in  the  handbook  the  MIL- 
HDBK-5  Supervisory  Coamittee  has  Imposed  certain  reliability  criteria  on  the 
data  and  their  analysis.  These  include  a  general  requirement  for  at  least 
ten  heats  or  lots  of  each  material  condition  from  three  or  more  (if  possible) 
producers.  A  minimum  total  of  100  tests  should  go  into  the  establishment 
of  each  allowable  value.  Consequently,  the  only  properties  that  are  gen¬ 
uinely  established  as  "A"  and  "B”  value  (statistically  reliable  allowables) 
are  Ftu  and  Fty  at  room  temperature.  The  remaining  properties  such  as 
compression,  bearing,  and  shear,  if  they  are  included,  are  usually  derived 
using  ratioing  techniques.  Elevated  temperature  proparties  may  also  be 
derived.  It  is  the  purpose  of  this  program  to  obtain  these  data  on  several 
titanium  alloys  using  information  from  producers,  users,  date  Information 
centers  and  a  test  program.  The  alloys  were  selected  as  a  result  of  a 
review  of  gaps  in  MIL  Hdbk-5  data  and  based  on  requests  for  data  received 
by  the  Department  of  Defense  Information  Centers. 


Section  II 


TEST  MATERIALS 


Contained  within  this  section  are;  (l)  material  procurement  specification 
requirements,  (2)  vendor  certifications  (3)  thermal  processing  history, 
(4)  metallography  (5)  mechanical  properties  to  be  determined,  and  (6)  test 
conditions  for  all  the  materials  utilized  in  this  investigation. 
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2.1  Discussion: 

The  material  data  contained  herein,  identifies  the  source  and  provides  the 
chemistry,  heat  treat  condition,  and  material  thickness  for  ell  the  material  used 
in  the  subject  program.  Each  material  is  listed  with  the  applicable  vendor  heat 
number,  chemical  composition,  and  the  results  of  tho  supplier's  tensile  tests  as 
obtained  from  the  vendor  certifications.  All  material  utilized  under  this  pro¬ 
gram  sponsorship  was  procured  to  MIL-T-9046  requirements  with  all  thermal  processing 
adhering  to  the  requirements  of  MIL-H-81200. 

A  brief  summary  of  the  materials,  source  and  number  of  heats  is  listed  below: 


Material  Source  N^mhep  nf 

Ti-4Al~3Mo-lV  Cond.  A  TMCA  5 

RMI  1 

Ti-13V-llCr-3Al  Cond.  ST  TMCA  5 

Ti-6A1-4V  Cond.  STA  TMCA  5 

RMI  3 

Ti-6Al-6V-2Sn  Cond.  A  and  STA  TMCA  15 


In  addition  to  the  data  obtained  from  the  test  program,  data  has  also  been 
incorporated  from  North  American's  Engineering  and  Quality  Control  Laboratories 
and  test  reports  from  the  following  vendors  and  users: 

Titanium  Metals  Corpo ration  of  America 
NASA  -  Langley 

DMIC  Data  Sheets  (Battelle  Memorial  Institute) 

The  Boeing  Company 
Reactive  Metals,  Incorporated 

2.2  Material  Certification 

The  following  pages  present  the  test  material  procurement  specification 
requirements  along  with  the  vendor  certifications  sent  with  the  test  material. 

One  heat  of  Ti  4Al-3Mo-lV  Condition  A  was  received  without  an  attached  certifica¬ 
tion.  Efforts  to  obtain  this  certification  proved  unsuccessful. 


2. 2.1  Material:  Ti  4Al-3Mo-lV  Cond  A  (Specification  requirements) 

Specification  KTL-T-90^+6  Sheet,  Strip  and  Plate 

Type  III 


SPECIFICATION  MINIMUM  PROPERTIES  (KSI) 

Tensile  Strength 

125 

Yield  Strength 

0.2$  Offset 

115 

Elongation 

* 

10 

(Max.)  {(Max) 


N  A1 


SPECIFICATION  CHSMICAL  LIMITS 


Cr  Mo  H  Zr  Sn 


IR 


0.08  0.30  0.05  5.5  3*5 

6.75  4-5 


0.015 


Ti 

Total 

Other 

Elements 

(Max.) 

Bal 

0.1*0 

2.2.1  (continued) 
MATERIAL: 


Ti  4Al-3Mo~lV  Cond.  A 


VENDOR  HEAT  NUMBER: 

G-1595 

(TMCA) 

NR/LAD  IDENTIFICATION: 

Heat  1 

CHEMICAL  COMPOSITION: 

CARBON  0.023 

VANADIUM 

1.1 

IRON  0.09 

MOLYBDENUM 

3.3 

NITROGEN  0.008 

HYDROGEN 

0.012 

ALUMINUM  4.6 

OXYGEN 

0.10 

HEAT  TREAT  CONDITION:  Annealed  Per 

MIL-H- 81200 

Vendor 

Teat 

No. 

Test 

Mat'l. 

Non. 

Gaate 

Spec. 

Ult, 

Tensile 

Strength 

Kai 

0.2% 

Yield 

Strength 

Ksi 

F-86U9 

Room 

Armealei 

0.034 

Long. 

134. 7 

123.5 

12.5 

Trans. 

139.8 

_ . 

128.3 

12.0 

2.2.1  (continued) 


MATERIAL: 

T1-4aL-3Mo-1V  Cond. 

A 

VENDOR  HEAT  UMBER: 

G-895  (IMCA) 

KR/LAD  IDENTIFICATION : 

Heat  2 

CHEMICAL  COMPOSITION: 

CARBON  0.023 

VANADIUM 

1.1 

IRON  0.09 

MOLYBDENUM 

3.2 

NITROGEN  0.014 

HYDROGEN 

0.008 

ALUMINUM  4.5 

C2XG2N 

0.11 

HEAT  TREAT  CONDITION:  Annealed  Per  MIL-H-81200 


V«* ior 
Teat 

Ho. 

Taat 

Mat'l. 

Nob. 

Case 

Spec. 

Ult, 

Tensile 

Strength 

Ksi 

0.2* 

Yield 

Strength 

*al 

JL  Elyax*.-- 

J-0679 

Room 

Annealec 

0.055 

Long. 

133-0 

124.1 

14.0 

Trans. 

337-3 

131.8 

10.5 

2.2.1  ( continued) 


MATERIAL:  Ti- 4A1-3Mo-1V  Cond.  A 


VENDOR  HEAT  UMBER:  G-2kk6 


I 


NR/LAD  IDENTIFICATION: 

Heat  3 

V 

3 

CHEMICAL  COMPOSITION: 

'i 

1 

1 

carbon 

0.022 

VANADIUM 

1.1  I 

IRON 

0.06 

MOLYBDENUM 

3.2  I 

NITROGEN 

0.00? 

HYDROGEN 

f 

0.009  i 

ALUMINUM 

*•3 

OXYGEN 

0.10  ) 

HEAT  TREAT  CONDITION:  Annealed  Per  MIL-H-81200 


Vendor 

Teat 

r  No.  _ 

Teat 

Mat'l. 

Coed- 

Non. 

Gaae 

Spec. 

Ult. 

Tenaile 

Strength 

Kai 

0.2* 

Yield 

Strength 

Kai 

<  Elniw. 

J-0678 

Room 

Annealed 

0.063 

Long. 

131.9 

123,.  6 

15.5 

Trans. 

136.5 

130.8 

12.0 

-  7  - 
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2.2.1  (continued) 

MATERIAL:  Ti- 4A1«3Mo-1V  Cond.  A 

TUDOR  HUT  lUKHERj  G-1523  (TUCA) 

:l 

I  Heat  4 

f  NR/UD  HJBJTIFICATION : 


CHEMICAL  COMPOSITION: 


l  ! 

?  ; 

CARBON 

0.025 

VANADIUM 

1.0 

\  ' 

HUH 

0.09 

MOLYBDENUM 

3-3 

\ 

i 

NITROGEN 

0.010 

HYDROGEN 

0.012 

; 

1 

ALUMINUM 

4.4 

OXYGEN 

0.12 

HUT  TREAT  CONDITION:  Annealed  Per  MIL- H- 81200 


(continued) 


MATERIAL:  Ti-  4A1-3MO-1V  Cond.  A 

VZKDOR  WAT  IUMBBR:  C-lUOl  (TMCA) 

HR/LAD  IDIiTIFICATICH :  Seat  5 


CHEMICAL  CCMPOSITION: 


CABBOH 

0.025 

VAUADHJM 

1.2 

DU* 

0.09 

KOLIBDEHOM 

3-3 

KITROGEH 

0.011 

HTDROGEH 

0.0 

ALDMUCM 

^•3 

OZTGEH 

0.1 

Material:  Ti  13V-llCr-3Al  Cond  A  or  ST  (Specification  Requirements) 


Specification  MIL-T-9046  Sheet,  Strip  and  Plate 

Type  IV 


SPECIFICATION  MINIMUM  PROPERTIES  (KSI) 

Other  0.050 

Gage 

Gage 

Tensile  Strength 

132 

125 

Yield  Strength 

0.2$  Offset 

12$ 

120  (Min) 

Elongation 

$ 

8.0 

10. 

■ 

■ 

SP 

ECIFIC 

ATION 

chemica; 

L  UM3 

TS 

Total 

Other 

Elements 

(Max.) 

C 

(Max) 

Fe 

(Max) 

N 

A1 

n 

Cr 

Mo 

h 

Zr 

3n 

Mn 

°2 

(Max) 

Ti 

0.05 

0.15 

0.30 

0.05 

12.5 

14.5 

10 

12 

— 

0.025 

— 

— 

— 

0.20 

Bai. 

0.4C 

2.2.2  (continued) 

MATERIAL:  Ti- 

■  13V-llCr-3Al 

VEBDOR  HEAT  NUMBER: 

D-7855 

(TMCA) 

HR/LAD  IDENTIFICATION : 

Heat  1 

CHEMICAL  COMPOSITION 1 

CARBON  0.017 

VANADIUM  13.7 

IM'  A „ 


HEAT  TREAT  CORDITIOit 


Solution  Treated 


Vandor 


P-2102  I  Room 


OB.  |  S 


0.040  Long. 

Trans 

Long. 

Trans 


Tenaila 

Strength  |  Strength 


136.8 

141.7 

194.1 

208.5 


128.4 

132.7 
176.3 

192.7 


Lab  Aged  24  Hours  at  900*F 


2.2.2  (continued) 


MATERIAL:  Ti-13V-llCr-3Ai 


TUDOR  BEAT  HUMBER: 

D-7770 

(TMCA) 

mr/lad  idihtificatioii: 

Heat  2 

CHEMICAL  CCKPOSITIOH: 

CARBOH 

0.017 

VANADIUM 

13. 

IROH 

0.16 

CHROMIUM 

10 

HITROGHf 

0.028 

HYDROGEN 

0 

ALDMIHUM 

3-1 

OXYGEN 

0 

HEAT  TREAT  COHDITICH: 

Solution  Treated 

Vendor 

Test 

No. 

Test 

Met'l. 

Hob. 

Gen 

Speo. 

Ult. 

Tensile 

Strength 

_£ll — 

0.2J 

Tie! 

Stn 

itBsnJli 

F-1951 

Room 

ST 

0.038 

Long. 

134.4 

129. 

Trans. 

140-9 

136. 

Room 

stC1) 

Long. 

193.5 

175. 

Trans. 

205.0 

188. 

(l)  Lab  Aged  24  Hrs.  at  900*F 


13  - 


2*2.2  (continued) 

MATERIAL:  Ti-13V-llCr-3Al 

VBBOR  HEAT  NUMBER:  D-7107  (1MCA) 


KR/LAD  IDIimFICATIOB  s  Heat  3 


CHEMICAL  COMPOS ITICRi 

CARBOR  0.028 

ma  0.26 

RITROGER  .022 
ALUMINUM  3-0 


VANADIUM 

CHROMIUM 

HIDROGEE 

OEfGEH 


HEAT  TREAT  CONDITION: 


Solution  Treated 


13-5 

10.8 

0.004 

0.14 


-  14 


2.2.2  (continued) 


MATERIAL:  TiJ3V-llCr-3Al 


VENDOR  HEAT  DUMBER? 

D-7639 

(tmca) 

mr/lad  IDDTIPICATIOR  s 

Heat 

4 

CHEMICAL  COMPOSITION: 

CARBON  0.023 

VANADIUM 

13.7 

mm  0.17 

CHROMIUM 

10.6 

MITROGEff  0.025 

HIDROGEK 

0.015 

ALOMUTDM  3-1 

oxraw 

0.12 

HEAT  TREAT  COHDITIOR:  Solution  Treated 


Vendor 

Teat 

Mo.  _ 

Taat 

Mat'l. 

Moa. 

Bit. 

Tenaile 

Strength 

m 

0.2* 

Tiald 

Strength 

Iai 

*  Elena. 

C-9887 

Room 

ST 

0.038 

Long. 

139.7 

135.1 

16.0 

Trass. 

144.6 

139.2 

13-0 

STA^1) 

Long. 

197.9 

179.1 

7.5 

Trans. 

208.9 

191.4 

5.5 

- 

* 

- 

(l)  Lab  Aged  24  Hrs.  at  900*F 


-  15  * 


2.2.3  (‘"Mitifcusd) 

MATERIAL:  TI-  6A1-4V 

VENDOR  HEAT NUMBER:  HT  G  4956  (TMCA) 

NR/LAD  IDENTIFICATION r,  Heat  1 

CHEMICAL  COMPOSITION: 


CARBON 

0,025 

VANADIUM 

4.1 

IRON 

0.10 

HXDROGEN 

0.009 

NITROGEN 

0.010 

OEfGEN 

0.10 

ALUMINUM 

6.0 

E’S’iT  TREAT  CONDITION:  Solution  Treated  and  Aged  to  MIL-T-9046E 

Type  3  Comp  C 


-  18  - 


2.2.3  (continued) 

MATERIAL:  T1-6A1-4V 


VENDOR  SAT  NUMBER: 

HT  G-4796  (TMCA) 

HR/LAD  IDENTIFICATION: 

Heat  2 

CHEMICAL  COMPOSITION: 

CARBON  0.026 

VANADIUM 

4.2 

IRON  0.15 

HYDROGEN 

0.005 

NITROGEN  0.015 

OXYGEN 

0.14 

ALUMINUM  6 A 

HEAT  TREAT  CONDITION:  Solution  Treated  and  Aged  to  MIL-T-9046E 

Type  3  Comp  C  1700*F  1/4  Hr  -  W.Q. 

Aged  4  hours  -  1000 *F  A.C. 


-  19  - 


2.2.3  (continued) 

MATERIAL: 

VENDOR  ®AT  NUMBER: 
HR/UD  IDENTIFICATION  : 
CHEMICAL  COMPOSITION: 


CARBON 

0.03 

VANADIUM 

4.2 

IRON 

0.16 

HIDROGEN 

72  ppm 

NITROGEN 

0.011 

OITGEN 

0.107 

ALUMINUM 

6.1 

HEAT  TREAT  CONDITION*  Prod.  Solution  Treated  1725*F  for  10  minutes 

W.  Q.  Aged  1000'F  for  4  Hrs.  and  Air  Cooled 


Ti-  6AL-4V 

HT  X- 53 788  (RMI) 

Heat  6 


Vendor 

Test 

No. 

Test 

J 

Noa. 

il 

Ult. 

Tensile 

Strength 

Esi 

0.2% 

Held 

Strength 

Esi 

t  Slone. 

RT 

STA 

0.250 

L 

168.0 

156.0 

8.0 

T 


168.0 


151.0 


8.0 


bbl  jn  m  pin  i 


2.2.3  ( continu'id) 

MATERIAL:  T1-6A1-4V 

VENDOR  HEAT  NUMBER  HT  G-6539  (®«JA) 

NR/UD  IDENTIFICATION:  Heat  1 

CHEMICAL  COMPOS ITIOR : 


CARBON 

0.024 

VANADIUM 

4.2 

IRON 

0.16 

HYDROGEN 

0.005 

NITROGEN 

0.008 

OXYGEN 

0.19 

ALUMINUM 

6.2 

HEAT  TREAT  CONDITION:  Solution  Treated  and  Aged  to  MIL-T-9046E 

Type  3  Comp  C 


Vendor 

Teat 

No. 

Teat 

tfat'l. 

t 

Nob. 

Gan 

Spec. 

Direct. 

Ult. 

Tenaile 

Strength 

Eai 

0.2% 

Tield 

Strength 

Eai 

* 

Red. 

Area 

J-3855 

RT 

STA 

0.500 

L 

171.1 

158.1 

19.0 

41.2 

T 

168.1 

155.2 

16.5 

42.6 

2.2.3  (continued) 
MATERIAL: 


Ti-  6A1-4V 

VENDOR  HEAT  KMEZR  HT  G-7278  (TMCA) 

MR/LAD  IDENTIYICATION:  Hea*i.  2 

CHEMICAL  COMPOSITION: 


CARBON 

0.025 

VANADIUM 

4.2 

IRON 

0.17 

HIDROGEN 

0.005 

NITROGEN 

0.009 

OIYGEN 

0.20 

ALUMINUM 

6.4 

HEAT  TREAT  CONDITION:  Solution  Treated  and  Aged  to  MIL-T-90U6E 

Type  3  Comp  C 


Vendor 

Test 

Mo- 

Test 

mt'i. 

* 

Nob. 

Spee. 

Ult. 

Tensile 

Strength 

Eel 

0.2* 

Yield 

Strength 

Eli 

*  Elon 

J-5801 

RT 

STA 

0.500 

L 

175.5 

163.3 

t 

15.0 

T 

182.2 

1 

172.4 

14.0 

2.2*3  (continued) 
MATERIAL: 


T1-6AI-4V 


VENDOR  HEAT  HTOfflER  HT  302634  (RMl) 

NR/LAD  IDENTIFICATION:  Heat  7 


CHEMICAL  COMPOS ITIOHj 


CARBOK 

0.02 

VANADIUM 

4.3 

IRON 

0.12 

HYDROGEN 

42  ppm 

NITROGEN 

0.013 

OXYGEN 

C.168 

ALUMINUM 

6.4 

HEAT  TREAT  CONDITION:  Prod.  Solution  Treated  1725°F  for  10  minutes 

W.Q.  Lab  Aged  1000*F  for  4  Hours  Air  Cooled. 


Vendor 

Teat 

Iru 

Test 

Taan. 

Mat'l. 

fiond- 

d 

Nob. 

Gass 

Spec. 

Ult. 

Tensile 

Strength 

Esl 

0.2% 

Held 
Strength 
&»1 - 

„l  SlgM^ 

RT 

3TA 

0.475 

L 

170.0 

153*0 

7.0 

T 

173-0 

162.0 

9-0 
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2.2.3  (continued) 
MATERIAL: 


Ti-  6A1-4V 

Tudor  sat  mjmber  ht  G-7021  (tmca) 

RR/LAD  IDENTIFICATION :  Heat  2 


CHEMICAL  COMPOSITION: 


CARBON 

0.022 

VANADIUM 

4.2 

IRON 

0.18 

HYDROGEN 

0.004 

NITROGEN 

0.12 

OXYGEN 

0.17 

ALUMINUM 

6.3 

SAT  TREAT  CONDITION:  Solution  Treated  and  Aged  to  MIL-T-9046E 

Type  3  Comp  C  l675*F>  15  Min.  -  W.Q.  Age 
4  Hours  1000*?  A.C. 


I 


i 


* 


2.2.3  (continued) 

MATERIAL :  Ti-  6A1-  4V 

VENDOR  SAT  XMBER  HT  293504  (EMI) 

NR/LAD  IDENTITICATION:  Heat  6 

CHEMICAL  COMPOSITION: 


CARBON 

0.03 

VANADIUM 

4.4 

IRON 

0.08 

HYDROGEN 

30  ppm 

NITROGEN 

0.010 

OXYGEN 

0.160 

AlUMBCUM 

6.4 

HEAT  TREAT  CONDITION: 


19 

in 

19 

9P^fl9 

11 

Ult. 

Tensile 

Strength 

0.2% 

Held 

Strength 

■ilL- 

a 

150.0/ 

143.0/ 

12.0/ 

L 

161.0 

148.0 

14.0 

RT 

STA 

1.025 

T 

145.0/ 

143.0/ 

11.0/ 

161.0 

148.0 

15.0 

2.2*4  Material:  Ti  6Al-6V-2Sn  Cond  A  ana  STA  (Specification  Requirements) 


Specification  MIL-T-9046 

Type  III  Conn  E 


Sheet,  Striji  and  Plate 


SPECIFICATION  MINIMUM  PROPERTIES  (KSl) 


Annealed 


Tensile  Strength  (Min) 


Yield  Strength  (Min) 
0.2 ia  Offset 

Elongation 

* 


I Long) 10 
(fcrans)  8 


2.2.4  (continued) 

MATERIAL: 

Ti- 

a 

a 

1 

i 

VENDOR  HEAT  NTOBER: 

HT  G-3104  (IMCA) 

NR/UD  IDENTIFICATION: 

Heat  1 

CHEMICAL  COMPOSITION: 

CARBON 

0.011 

HYDROGEN 

IRON 

0.73 

TIN 

NITROGEN 

0.016 

COPPER 

ALUMINUM 

5.6 

0H0EN 

VANADIUM 

5-7 

HEAT  TREAT  CONDITION: 

Annealed  -  Anneal  Tesp. 

1300F 

?M  25F 

J-0411  I  Room  knnealed  I  0.340 


155-0 

148.4 

15.0 

166.8 

161.5 

18.0 

--'*r-"TT 1  ““"‘r .' . |V-*P ,,.r., .  .  .  ■»» ■■--7 ■ 


2.2.4  (continued) 
MATERIAL: 


Ti-6Al-6V-2Sn 


VENDOR  HEAT  NUMBER* 
nr/lad  IDENTIFICATION  t 
CHEMICAL  COMPOSITION  * 


HT  G-3212  (TMCA) 


Heat  2 


CARBON 

0.024 

HYDROGEN 

0.007 

IRON 

0.70 

TIN 

2.0 

NITROGEN 

0.014 

COPPER 

0.66 

ALUMINUM 

5-4 

OXYGEN 

0.13 

VANADIUM 

5.4 

HEAT  TREAT  CONDITION:  Annealed  -  Anneal  Teep. 

1300F  V/H  25F 


Vendor  1 

Teat  Teat  Mat'l.  Non.  I  Spec. 


J-0414  Room  Annealed  0.320  L 


Ult.  0.2  % 

Tensile  Yield 

Strength  Strength 


156.1 


151.1 


160.3  I  156.3 


l«iMWneWSS» 


2.2.4  (continued) 


MATERIAL: 

VENDOR  HEAT  HUMBER: 
HR/LAD  IDENTIE1CATI0H: 
CHMCAL  COMPOSITION: 


Ti-6Al-6V-2Sn 

3T  3-3211  (-MCA) 

Heat  3 


CARBON 

0.023 

HYDROGEN 

0.006 

IRON 

0.71 

TIN 

2.0 

NITROGEN 

O.OIO 

COPPER 

0.67 

ALUMINUM 

5.6 

OXYGEN 

0.15 

VANADIUM 

5.5 

HEAT  TREAT  CONDITION:  Annealed  -  Anneal  Teap. 

1300P  */*  25 T 


Hit.  0 

Vendor  Teneile  I 

Test  Teat  Mnt'l.  Mo*.  Spec.  Strength  S 


J-04l3  Room  Annealed  |  0.':  JO  L  I  157*6 

I  T  I  155*7 


152.7 

1^9-9 
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2.2.4  (continued) 


MATERIAL:  Ti-6Al-6V-2Sn 

VENDOR  HEAT  NUICEA: 

HT  G-881 

(tmca) 

NR/LAD  IDENTIFICATION  t  Heat  4 

CHEMICAL  COMPOSITION: 

CARBON 

0.02? 

HYDROGEN 

0.004 

IRON 

0,66 

TIN 

2.0 

NITROGEN 

0.012 

COPPER 

0.69 

ALUMINUM 

5-5 

OXYGEN 

0.16 

VANADIUM 

5.5 

HEAT  TREAT  CONDITION: 

Annealed  - 

Anneal  Tesp. 

1300P  ?/H  2$F 

Vendor 

Teat 

No. 

Test 

n 

Nob. 

0.2  % 

Yield 

Strength 

Xai 

j  Elona. 

J-0412 

Room 

Anneale ; 

0.315 

L 

157.4 

151.3 

15.0 

T 

160.5 

155-.4 

16.0 

♦  l 


I 

Li 

h  2.2.U  (continued) 

[  I  MATERIAL:  Ti-  6Al-6V-2Sn 


VENDOR  HEAT  NUMBER: 

NR/LAD  IDENTIFICATION: 

nr  g  1537 

Heat  5 

(TMCA) 

CHEMICAL  COMPOSITION: 

CARBON 

0.025 

HYDROGEN 

o.oou 

IPON 

0.7k 

TIN 

2.0 

lfITRGGEN 

0.013 

COPPER 

0.76 

ALUMINUM 

5-5 

OXYGEN 

0.17 

VANADIUM 

5*6 

_ 

HEAT  TREAT  CONDITION:  Annealed  -  Anneal  Tenp. 

1300P  f/H  25 T 
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2.2.4  (continued) 

MATERIAL:  Ti-6Al-6V-2Sn 

VENDOR  HEAT  NUMBER!  HT  G-393  (B4CA) 

NR/LAD  IDENTIFICATION  t  Heat  1 

CHBttCAL  COMPOSITION! 


i 

CARBON 

0.022 

HYDROGEN 

0.004 

IRON 

0.75 

TIN 

1.9 

£ 

1 

NITROGEN 

0.009 

COPPER 

0.64 

ALUMINUM 

5-5 

OXYGEN 

0.12 

I 

6 

1 

VANADIUM 

5.3 

f 

HEAT  TREAT  CONDITION! 

Annealed 

-  Anneal  Teap. 

1300?  ?/K  25F 


Vendor 

Teat  Test  Mst'l.  Nob.  Spec. 


Ult.  0.2  % 

Tensile  Yield 

Strength  Strength 


J-0416  I  Roan  ]  Annealed!  O.63O  I  L 


15p.6  150.0 

155.4  151.4 


2.2.4  (continued) 


MATERIAL: 

Ti-6AI-6V-2Sn 

VENDOR  HEAT  NUMBER: 

HT  G-2443 

(tmca) 

NR/LAD  IDENTIFICATION 

:  Heat  2 

CHEMICAL  COMPOSITION: 

CARBON 

0.023 

HYDROGEN 

0.004 

IRON 

0.67 

TIN 

2.1 

NITROGEN 

0.013 

COPPER 

0.66 

ALUMINUM 

5-3 

OXTGEN 

0.16 

VANADIUM 

5-7 

HEAT  TREAT  CONDITION: 

Annealed  « 

Anneal  Temp. 

1300F  P/fc  25F 


Vendor 

Teat 

No. 

Teat 

Mat'l. 

Non. 

Spec. 

Direct. 

Ult. 

Tensile 

Strength 

Eai 

0.2  % 
Yield 
Strength 

Xal 

J-0420 

Room 

Annealed 

0.610 

L 

159.6 

156.9 

16.0 

T 

162.0 

158.4 

18.0 
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2.2.4  (continued) 


MATERIAL: 


Ti-6Al-6V-2Sn 


7SID0R  HEAT  NUMBER: 

HT  G-1971 

(TMCA) 

NR/LID  IDENTIFICATION: 

Heat  3 

CH^QCAL  COMPOSITION: 

* 

CARBON 

0.023 

HYDROGEN 

0.006 

IRON 

0.68 

TIN 

2.1 

NITROGEN 

0.012 

COPPER 

C.TO 

ALUMINUM 

5-3 

OXYGEN 

0.17 

VANADIUM 

5-4 

HEAT  TREAT  CONDITION: 

Annealed  - 

Anneal  Tesp. 

1300F  P/fc  25F 

Vendor 

TAat 

No. 

Teat 

Mat’l. 

Nob. 

Spec. 

Direct. 

Hit. 

Tenaile 

Strength 

Ksi 

0.2  % 
Held 
Strength 
Xai 

i  Elonc. 

J-417 

Room 

Annealed 

0.610 

L 

161.0 

158.2 

17.0 

| 

T 

162.4 

157-4 

17.0 

2.2-4  (continued) 

MATERIAL:  Ti-6Al~6V-2Sn 


VENDOR  HEAT  NUMBER: 

HT  G-2504 

NR/LiD  IDENTIFICATION : 

Heat  4 

CHEMICAL  COMPOSITION: 

CARBON 

0.023 

HYDROGEN 

0.004 

IRON 

0.66 

TIN 

2.1 

NITROGEN 

0.011 

COPPER 

0.66 

ALUMINUM 

5.6 

OUGEN 

0.16 

VANADIUM 

5-4 

HEAT  TREAT  CONDITION: 

Annealed  -  Anneal  Tewp. 

1300F 

?M  25F 

Vendor 

Test 

No. 

Test 

Mat'l. 

Nob. 

Spec. 

Direct. 

Hit. 

Tensile 

Strength 

Ksi 

0.2  % 
Yield 
Strength 

Iii 

J-0418 

Room 

Annealed 

0.610 

L 

162.1 

158.9 

16.5 

T 

161.1 

160.1 

19.5 
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2, 2. It  (continued) 


MATERIAL: 

Ti-6Al-6V-2Sn 

VENDOR  HEAT  NUMBER: 

HT  G-3106 

(TMCA) 

NR/LAD  IDENTIFICATION : 

Heat  5 

CHEMICAL  COMPOSITION: 

CARBON 

0.016 

HYDROGEN 

8 

d 

IRON 

0.77 

TIN 

2.0 

NITROGEN 

0.019 

COPPER 

0.59 

ALUMINUM 

5.6 

OXYGEN 

0.15 

VANADIUM 

5-8 

HEAT  TREAT  CONDITION:  Annealed  -  Annaal  Te«p. 

1300P  P/fc  25F 


TTT 
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2.2.4  (continued) 


MATERIAL: 

Ti-6Al-6V-2Sr_ 

VENDOR  HEAT  NUMBER: 

HT  G-3023 

(TMCA) 

NR/LAD  IDENTIFICATION: 

Heat  1 

CHEMICAL  COMPOSITION) 

CARBON 

0.023 

HYDROGEN 

0.004 

IRON 

0.67 

TIN 

2.0 

NITROGEN 

0.012 

COPPER 

0.63 

ALUMINUM 

5.5 

OXYGEN 

0.15 

VANADIUM 

5.6 

HEAT  TREAT  CONDITION: 

Annealed  -  Anneal  Te*p. 

1300F  ?M  25V 

Vendor 

Test 

No. 

Test 

Tern. 

Met'l. 

Nob. 

Spec. 

Direct. 

Ult. 

Tensile 

Strength 

Xsi 

0.2  % 
Yield 
Strength 

Ksl 

1  Elons. 

J-0430 

Room 

Annealed 

1.570 

L 

155-9 

145.5 

20.0 

T 

155-4 

145-3 

13. 5 
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2.2.4  (continued) 


MATERIAL: 

Ti  -6A1-6V- 2Sn 

VENDOR  HEAT  NUMBER: 

HT  G-3214 

NR/LAD  IDENTIFICATION : 

Heat  2 

CHEMICAL  COMPOSITION: 

CARBON 

0.023 

HYDROGEN 

0.004 

IRON 

0.69 

TIN 

2.0 

NITROGEN 

O.Oll 

COPPER 

0.65 

ALUMINUM 

5-4 

OXYGEN 

0.17 

VANADIUM 

5.5 

HEAT  TREAT  CONDITION:  Annealed  -  Anneal  Te*p. 

1300*  p/to  25* 


2.2.4  (continued) 
MATERIAL: 


Ti-6Al-6V-2Sn 


VENDOR  HEAT  NUMBER: 

HT 

G-2070 

NR/LAD  IDENTIFICATION: 

Heat 

3 

CHOCCAL  COMPOSITION: 

CARBON 

0.023 

HYDROGEN 

0.007 

IRON 

0.73 

TIN 

2.0 

NITROGEN 

0.009 

COPPER 

0.73 

ALUMINUM 

5-6 

OXYGEN 

0.15 

VANADIUM 

5.6 

HEAT  TREAT  CONDITION:  Annealed  -  Anneal  Teep. 

1300F  P M  25? 


Vendor 

Teat 

No. 

Teat 

Mat'l. 

Noa. 

Spec. 

Direct. 

Ult. 

Tenalle 

Strength 

Eal 

0.2  % 
Yield 
Strength 

Eal 

J-0427 

Room 

Annealed 

1.570 

L 

155.^ 

149.2 

19.0 

T 

161.5 

151.8 

18.5 

.2.4  (continued) 

MATERIAL:  Tl-  6Al-6V-2Sn 


VENDOR  HEAT  NUMBER: 

HT  0-1971 

(TMCA) 

NR/LAD  IDENTIFICATION: 

Heat  1* 

CHEMICAL  COMPOSITION: 

CARBON 

0.023 

HYDROGEN 

o.oou 

IRON 

0.68 

TIN 

2.1 

NITROGEN 

0.012 

COPPER 

0.70 

ALUMINUM 

5.3 

OXYGEN 

0.17 

VANADIUM 

5.4 

R5A?  TREAT  CONDITION:  Annealed  -  Anneal  Te«p. 

1300P  P M  25F 


2.2.4  (continued) 

MATERIAL: 

VENDOR  HEAT  NUMBER: 
kr/lad  IDENTIFICATIONS 
CHEMICAL  COMPOSITION: 


Ti-6AL-6V-53n 

HT  G-3024  (TMCA) 

Heat  5 


CARBON 

0.023 

HTDROGEN 

0.004 

IRON 

0.69 

TIN 

2.0 

NITROGEN 

0.015 

COPPER 

0.62 

ALUMINUM 

5.6 

OZIGEN 

0.15 

VANADIUM 

5*6 

HEAT  TREAT  CONDITION:  Annealed  -  Anneal  Tea?*. 

1300F  ?/H  25F 


Vendor 

Teat 

No. 

Teat 

r”"  1  """ 

Mat'l. 

Nob. 

Spee. 

Bit. 

Tenaile 

Strength 

Kal 

0.2  % 
Held 
Strength 

Eel 

J-0429 

Room 

Annealed 

1.60 

L 

156.4 

151.0 

17  O 

T 

160.1 

153 

18.5 

-  4l 


2.3  THERMAL  PROCESSING  OF  MATERIALS 

All  test  materials  with  the  exception  of  the  Ti-6Al-6V-2Sn  condition  STA, 
had  all  the  required  thermal  processing  done  by  the  mill  prior  to  receival 
by  NR/LAD.  The  Ti-6Al-6V-2Sn  material  which  was  received  in  the  annealed 
condition  was  heat  treated  to  the  STA  condition  by  NR/LAD.  The  thermal 
processing  of  all  test  material  both  at  the  mill  or  at  NR/LAD  conformed 
to  the  requirements  of  MIL-H-81200. 

2.4  MICRO-STRUCTURAL  EXAMINATION  OF  TEST  MATERIALS 


A  microstruetural  examination  of  all  test  material  was  performed  by  NR/LAD. 
The  photomicrographs  in  conjunction  with  a  brief  analysis  of  the  structures 
observed  and  their  relationship  to  the  resulting  mechanical  properties  are 
presented  in  the  following  section. 

2.4.1  T1-4A1-3MO-1V,  Cond.  A:  Photomicrographs  typical  of  microstructures  of 

six  heats  of  Ti-4Al-3Mo- IV ,  Cond.  A,  program  sheet  material  ranging  in  gages 
from  0.034"  to  0.110"  are  shown  in  Figures  2-1  through  2-3.  NR  heat  numbers 
1  through  5  depict  uniform,  equi-axed  microstructures  consisting  of  islands 
of  primary  a’tha  phase  surrounded  by  a  matrix  of  transformed  and  retained 
beta.  NR  heat  ^3  shows  some  slight  banding  of  the  alpha  phase  which  is  not 
expected  to  have  any  unusual  effect  in  terms  of  mechanical  properties.  NR 
heat  it 6,  Figure  2-3  supplied  by  p.  different  producer,  exhibits  a  finer, 
more  directional  grain  structure  indicating  the  probability  of  a  lower  final 
rolling  temperature  in  this  instance.  This  particular  photomicrograph  dis¬ 
plays  a  very  faint  trace  of  a  prior  beta  grain  boundary  suggesting  total 
rolling  reduction  may  have  been  less  than  desired;  however,  mechanical 
properties  tests  indicate  comparable  mechanical  properties  with  tensile 
ductility  at  room  temperature  perhaps  slightly  better  than  the  other  heats 
of  Ti-4Al-3Mo-lV.  In  general,  the  microstructures  of  all  six  heats  are 
quite  uniform,  the  above  mentioned  differences  being  subtle,  and,  as  would 
be  expected,  mechanical  properties  tests  substantiate  this  microstruetural 
uniformity. 
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FIG. 2-3 


Ti  4A1-3MO-1V  Cond  A 


Heat  G  1401  Bom  Gage  0.06?  HR  Heat  f  5 


Heat  321055  Horn  Gage  0.110"  HR  Heat  #6 

500X 


4  5 


,  sur-rugz.SK  gracczrc 


oa  ?Ti-13V-HCr-3Al»  Cond.  A  (ST):  Typical  microstructures  fran  five  heats  of 
alloy  Ti-13V-llCr-3Al  sheet  in  the  annealed  or  solution  treated  condition 
are  shovn  in  Pigures2-4  through?-^  The  photomicrographs  depict  structures 
considered  normal  for  the  material  and  illustrate  the  essentially  single¬ 
phase,  beta  mic restructure  characteristic  of  the  alloy  as  solution  treated. 
Microstructural  variations  among  the  five  heats  are  slight,  NR  heat  numbers 
3  and  5  exhibiting  sane -what  smaller  grain  size  than  the  others.  Mechanical 
properties  of  the  heats  are  uniform  and  similar  with  NR  heat  numbers  3  and  5 
tending  to  exhibit  properties  slightly  higher  than  the  average.  This  is  not 
considered  extremely  significant  since  HR  heat  #4  with  comparatively  large 
grain  size  also  exhibits  higher  than  the  average  properties.  Again,  micro- 
structural  and  properties  variations  are  subtle. 


•win 


24.3 Ti-6A1-4V.  Cond.  STA;  Microstructures  representing  eight  heats  of  Ti-6Al-4V, 

Cond.  STA  plate  are  shown  in  Figures  2-7 through 2-10.  In  contrast  to  the  other 
program  materials,  a  wide  variation  in  microstructures  from  heat  to  heat  was 
obtained  and  considerable  variation  in  mechanical  properties  as  a  function  of 
gage,  supplier,  heat,  and  testing  direction  also  noted. 

With  respect  to  the  ruminal  0.250-inch  gage  material,  three  different  micro¬ 
structures  were  obtained  from  the  three  heats  of  material  represented.  The 
first,  G4958,  r :;-ir-e2-7  shows  a  transus-type  structure,  i.e.,  free  from 
primary  alpha  vitr.  acicular  alpha,  and  possible  alpha  prime,  resulting  from 
quenching  from  high  in  the  alpha-beta  field.  Some  banding  is  a’so  noted  and 
mechanical  properties  are  considered  satisfactory  for  heat-treated  material. 

The  second,  heat  G479&,  represents  material  though  stated  bo  be  heat  treated 
is,  to  the  contrary,  believed  to  be  annealed.  It  is  suggested  the  material 
was  thoroughly  worked  during  rolling  at  relatively  low  final  rolling  tempera¬ 
tures  resulting  in  a  mixture  of  equiaxed  alpha  and  intergranular  beta.  It 
might  be  argued  that  the  photomicrograph  represents  material  quenched  from 
low  in  the  alpha-beta  phase,  approximately  1500°F  or  lower;  however,  proper¬ 
ties  obtained  show  a  spread  between  ultimate  and  yield  strengxh  much  more 
indicative  of  annealed  material  than  that  associated  with  quenched  and  aged 
retained  beta.  In  addition,  the  level  of  mechanical  properties  obtained 
would  be  quite  low  for  material  at  0.15^  oxygen,  solution  treated  at  1700°F 
and  ^ged  at  1000°F.  The  third,  heat  X53788,  represents  material  finished 
from  above  the  beta  transus  temperature  and  quenched  from  high  in  the  alpha 
beia  field.  The  microstructure  is  uniform,  fine-grained  and  exhibits  gc^d 
strength,  lower  tensile  ductility,  and  relatively  good  fracture  toughness 
associated  with  3ueh  structures. 

Material  in  the  nominal  0.500-inch  gage  again  displays  a  variation  in  micro¬ 
structure.  Heats  G6539  and  07278,  are  similar  and  more  nearly  typify  struc¬ 
tures  normally  associated  with  heat  treated  and  aged  thin-sectioned  Ti-6A1-4V 
products.  Both  show  a  mixture  of  primary  alpha  plus  aged  alpha  prime  with 
the  latter  heat  showing  some  gross  rolling  deformation.  Froperies  too  reflect 
typical  strength  levels  arid  tensile  ductilities  for  such  material  in  both 
cases,  the  latter  indicating  greater  anisotropy,  as  might  be  expected.  Material 
from  heat  302634,  Figure2-9  again  illustrates  material  finish  rolled  from  above 
the  beta  transus,  quenched  from  high  in  the  alpha-beta  field  and  aged.  Micro- 
structure  is  similar  to  that  of  0.250-inoh  gage  heat  X53788  with  somewhat  higher 
strength,  probably  due  to  higher  oxygen  content. 

In  the  nominal  1.00-inch  plate  gage  somewhat  different  microstructures  were  obtaine 
for  the  two  heats  of  niaterial  displayed,  Figure2-10,  representing  somewhat 
different  working  histories.  Both  display  material  rolled  and  heat  treated 
in  the  alpha-beta  field;  however,  with  properties  expected  of  material  so 
processed. 
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FIG. 2-7 

Ti  6A1-4V  Cond  STA 


Heat  G  4796  Horn  Gage  0.250"  HR  Heat  $2 
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944Ti-6Al-6V-2Sn,  Cond.  A  and  STA:  Typical  microstructures  of  14  heats  of  allqy 
Ti-6Al-5v-2Sn  plate  both  annealed,  and  fully  heat  treated  are  shown  in  Figures 
2-11  through2-25.  Photomicrographs  for  annealed  plate  of  the  nominal  0.250  inch 
gage  (0.310  to  0.340-inch),  Figures 2-1 1  through 2-13depict  thoroughly  worked 
microstructures  of  primary  alpha  phaee  in  a  retained  beta  phase  matrix. 

Phase  delineation  is  not  distinct  in  any  of  the  five,  the  microstructures  all 
showing  evidence  of  considerable  grain  deformation  from  working  at  low,  final 
rolling  temperatures,  and  of  course  fine  grain  size.  Variations  among  the 
five  heats  are  extremely  small  metsllographically  and,  as  'xpected,  proper¬ 
ties  are  also  uniformly  high. 

As  gages  are  increased,  variation  in  rolling  practice  becomes  evident.  The 
five  heats  of  the  nominal  0.500-inch  gage  (0.610  to  0.630-inch)  plate  shown 
in  Figures2-14through2-!6,  both  annealed  and  heat  treated,  continue  to 
illustrate  a  fine-grained,  thoroughly-worked  microstructure.  Phase  demarka- 
tion  is  s  ante  what  greater;  however,  even  in  the  annealed  material  suggesting 
higher  finish  rolling  temperatures.  This  is  a  matter  of  gnwii  degree, 
nevertheless,  since  annealed  properties  remain  quite  high  for  the  annealed 
0.500-inch  material  in  comparison  to  the  0.250-inch.  The  effects  of  heat 
treatment  to  Cond.  STA  are  quite  clearly  illustrated  showing  an  increase  in 
the  beta  phase  at  the  expense  of  alpha  due  to  quenching  from  high  in  the 
alpha-beta  field. 

With  increase  in  gage  of  plate  to  1.50-inch  nominal  gage  (l-50  to  1.60-inch), 
the  higher  finish  rolling  temperature  required  becomes  evident,  particularly 
in  the  micrcstructures  of  annealed  material,  Figures2-  17through2-l$  The 
alpha  phase  is  seen  to  be  present,  in  all  five  heats,  in  the  form  of  moder¬ 
ately  coarse  platelet  form,  fairly  well  distributed  throughout  the  micro- 
structure  with  little  evidence  of  prior  beta  grain  boundaries.  Properties 
are  correspondingly  lower  than  the  annealed  thinner  gage  material,  as  would 
he  expected.  Again  uniformity  of  properties  among  the  five  heats  is  evident 
both  annealed  and  heat  treated,  in  spite  of  the  localized  abe rations  noted 
in  two  of  the  microstructures  of  Cond.  STA  material.  Seme  rather  pronounced 
coarseness  of  the  primary  alpha  plates  with  the  suggestion  of  prior  beta 
gra'  n  boundary  alpha  formation  is  seen  in  HR  heat  #8,  Figure 2-24,  and  in 
contrast,  a  localized  enrichment  of  beta  phase  material  is  evident  in  the 
microstructure  of  HR  heat  # 10,  Figure 2-2 5,  due  probably  to  chemical  segrega¬ 
tion  of  beta-stabilizer  element(s)  in  the  ingot.  Neither  of  these  conditions 
appears  to  be  general  throughout  the  material  to  the  extent  that  mechanical 
properties  test  results  show  no  effect. 
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FIG.  2-12 

Ti  6Al-6V-2Sn  Cond  A 


Heat  G  3211  Horn  Gage  0.320  HR  Heat  #3 
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FIG.  2-13 

Ti  6Al-6V-2Sn  Cond  A 


Heat  G  1537  Nom  Gage  0.310  NR  Heat  #5 
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FIG.  2-15 


Ti  6Al-6V-2Sn  Cond  A 


Heat  G  1971  lfora  Gage  0.610"  UR  Heat  #3 


Heat  G  2504  Horn  Gage  0.610"  NR  Heat  £4 
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FIG.  2-16 

Ti  6Al-6V-2Sn  Coad  A 


Heat  G  3106  Nom  Gage  0.615  NR  Heat  #5 
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FIG.  2-19 

Ti  6Al-6V-2Sn  Cond  A 


Heat  G  302k  Bom  Gage  1.60"  HR  Heat  5 
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FIG.  2-20 

Ti  6Al-6V-2Sn  Coed  STA 


Seat  G  2443  Bom  Gage  0.610"  KR  Heat  #7 
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FIG.  2-23 


Ti  6Al-6V-2Sn  Cond  STA 


Heat  G  3214  Norn  Gage  I.57O"  HR  Heat  f'( 
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2.5  The  various  mechanical  properties  date rained  from  each  type  of  test  performed 
are  as  follows: 

1.  Tensile  Tests  -  Sheet  and  Plate 

(a)  Ultiaete  Tensile  Strength 

(b)  0.2$  Offset  Tensile  Yield  Strength 

(c)  Percent  Elongation 

(d)  Percent  Reduction  of  Area 

(e)  Precision  Elastic  Tension  Modulus  (Selected  Saaple  ) 

2.  Coapression  Tests  -  Sheet  and  Plate 

(a)  0.2$  Offset  Coapression  Held  Strength 

3.  Bearing  Tests  -  Sheet  and  Plate 
e/D  =  1.5  and  e/D  =  2.0 

(a)  Ultimate  Bearing  Strength 

(b)  2$  Offset  Bearing  Held  Strength 

4.  Shear  Tests  -  Sheet  and  Plate 
(a)  Ultimate  Shear  Strength 

5.  Fracture  Toughness  Tests  -  Plate 

(a)  Plane  Strain  Fracture  Toughness  Value  (Kie) 

6.  Thermal  Stability  Tests  ~  Sheet  and  Plate 

(a)  Ultimate  Tensile  Strength)  0.2$  Offset  Yield  Strength, 

$  Elongation,  $  Reduction  in  Area  for  test  specimens  at 
room  temperature  and  elevated  temperature  after  exposure 
to  elevated  temperature  for  prolonged  periods  of  time. 

7.  Fatigue  Tests  -  Sheet  and  Plate 

(a)  Stress  versus  number  of  cycles  to  failure,  as  a  function 

of  specimen  geometry  (smooth  and  notched)  as  well  as  stress- 
ratio. 

2.6  laai  SaaUUgaa 

Room  and  elevated  temperature,  tension,  compression,  bearing,  and  shear  mechanical 
property  tests  for  the  longitudinal  and  transverse  direction  as  well  as  limited 
test  in  the  short  transverse  direction  for  the  four  materials  were  performed  in 
an  air  atmosphere.  The  range  of  elevated  test  temperatures  included  UOQP,  600F, 
and  80QF.  The  thermal  stability  tests  which  determined  the  effects  of  exposure 


in  air  temperatures  of  kOOF,  600F,  and  800F  for  times  of  10,  100,  and  1000 
hours,  were  complied  from  tests  at  exposure  temperature  and  at  room  temperature 
after  exposure. 

Fracture  toughness  test  data  were  obtained  at  room  temperature  in  air.  In 
addition,  fracture  toughness  tests  were  made  on  specimens  at  room  temperature 
which  had  been  exposed  at  **00F,  600F,  and  800F  for  periods  of  10,  100,  and 
1000  hours . 

Axial  fatigue  tests  were  performed  on  three  of  the  materials  in  the  longitudinal 
direction  using  smooth  test  specimen  configurations  (Kt  «  1.0)  and  notched  test 
specimen  configuration!?  (Kt  •»  3*0).  The  tests  were  run  at  room  temperature  at 
stress  ration  of  R  ■  1.0,  -0.3?  0  and  ->0.3  where: 

^  Minimum  Stress 
*  Maximum  Stress 

Test  conditions  for  the  complete  program  are  shown  In  Tables  II-l  through  2.1-6. 
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Section  III 


TEST  SPECIMENS 


Contained  within  this  section  are  the;  (l)  test  specimen  identification 
codes,  (2)  test  specimen  sampling,  (3)  test  specimen  configurations 
and  (k)  test  specimen  preparation  procedures. 
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SECTION  III 
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TEST  SPECIMENS 


ai  SPECIMEN  IDENTIFICATION  CODES 

A  typical  test  specimen  identification  would  be  as  follows:  TVTSLTR1.  In 
general,  test  specimen  code  numbers  will  have  the  above  form  with  each  letter 
or  number  having  a  specific  meaning  as  indicated  below: 

Thv.  letter  "T"  or  "R"  indicates  the  producer  which  are  Xitanium  Metals  Corp. 
and  Reactive  Metals,  Inc. 

The  next  letter  in  the  coding  system  indicates  the  alloy: 

A  -  T1-6A1-4V  (Cond.  STA) 

V  -  Ti-6Al-6v-2Sn  (Cond.  A  and  STA) 

C  -  Ti-13V-llCr-3Sn  (Cond.  A  or  ST) 

M  -  Ti-4Al-3Mo-lV  (Cond.  A) 

The  following  number  in  the  coding  sequence  identifies  the  heat  number  for 
the  particular  alloy.  There  can  be  as  many  as  10  heats. 

The  next  letter  in  the  coding  sequence  relates  to  the  gage  of  material  being 
tested.  In  this  regard  these  letters  have  been  utilized  in  the  following 
manner: 


X  -  Gages  of  Material  <  0,250  In. 

Y  -  Gages  of  Material  S  0.630  In. 

Z  -  Gages  of  Material  1.000  In. 

The  above  applies  to  both  sheet  and  plate  stock  gages  with  all  sheet  specimens 
using  the  X  designation. 

« 

The  next  letter  indicates  test  specimen  orientation  in  relation  to  the  rolling 
direction  marked  on  the  raw  stock.  The  directions  test  specimens  were 
taken  are  as  follows: 

L  -  Longitudinal  (parallel  to  the  rolling  direction) 

T  -  Transverse  (perpendicular  to  the  rolling  direction) 

S  -  Short  transverse  (through  the  thickness  of  the  heavy  gage  plate) 
LE  -  Refers  to  bearing  specimens  only,  with  the  test  specimen  being 
taken  on  edge  parallel  to  the  direction  of  rolling 
TE  -  Refers  to  bearing  specimens  only,  with  the  test  specimens  being 
taken  on  edge  perpendicular  to  the  direction  of  rolling 
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The  next  letter  refers  to  the  type  of  test  which  is  to  be  performed.  The 
following  indicates  the  types  of  tests: 

T  -  Tension 

C  -  Compression 

5  -  Shear 

B1  -  Bearing  ®/d  =  1*5 

B2  -  Bearing  ®/D  =  2.0 

F  -  Fracture  Toughness 
V  -  Fatigue 

W  -  Room  Temperature  Stability 
X  -  Elevated  Temperature  Stability 

Where  a  stability  test  is  indicated,  the  type  of  stability  test  is  identified, 
i.e.,  (X)  with  the  type  of  test  specimen  following,  i.e.,  (T)  tensile. 

The  next  to  last  letter  or  number  in  the  coding  sequence  refers  to  the  test 
temperature  or  the  exposure  temperature: 

R  -  Room  Temperature 
4  -  400F 

6  -  600F 
8  -  800F 

The  last  number  in  the  sequence  reflects  individual  specimen  replication 
(i.e.,  1,  2  and  3). 

Miscellaneous  notations  and  exceptions  to  the  coding  system:  The  last  number 
in  the  coding  sequence  of  the  thermal  stability  test  specimen  refers  to  the 
exposure  time  rather  than  specimen  replication.  In  this  regard: 


An 


1 

2 

3 


example 

VIZ 

i  1  1 


-  1C  hours  exposure 

-  100  hours  exposure 

-  1000  hours  exposure 

of  the  ceding  system  is  shown  in  the  diagram  below: 

^  Specimen  replication 
^.Test  temperature  (600F) 

^_Type  of  test  (Tensile) 

^.Specimen  direction  (Transverse) 

Gage  of  material  tested  (  1.000  In.) 
^.Heat.  of  material  tested  (Heat  1) 
-►—Alloy  tested  (Ti-6Al-6V-2Sn) 
^-Producer  (Titanium  Metals  Corp.) 


32  SPECIMEN  SAMPLING 


Due  to  the  fact  that  most  of  the  test  material  was  received  from  the  two 
suppliers  as  bits  and  pieces,  the  layout  of  test  coupons  was  necessarily 
dictated  by  the  size  of  the  piece  of  material.  A  typical  test  specimen 
layout  for  one  of  the  sheet  gage  heats  is  shown  in  Figure3-1.  As  can  be  seen, 
removal  of  committed  test  coupons  resulted  in  a  minimum  of  surplus  material. 


-  82  - 


s'  l  m n 
■r- 


r»r  ? 
e  &  f 

•  OJ  iT 

i  2  C?  t  5 

£ 


3.3  SPECIMEN  CONFIGURATION 

Typical  test  specimen  configurations  used  on  this  program  are  shown  in 
Figures 3- 2  through  3 -12.  The  configurations  selected  were  tailored 
to  material  sizes  available.  The  use  of  sub  size  specimens  were  avoided 
with  the  exception  of  those  test  specimens  taken  in  the  short  transverse 
direction  (through  the  thickness)  of  the  heavy  gage  plate  stock  and  the 
round  bar  fatigue  tests.  All  test  specimens  conform,  where  applicable, 
to  ASTM  Standards. 
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Figure  2  Recommanded  Single -Edge-Botch  Tensile  Specimen  Geometry 
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3. 4  SPECIMEN  PREPARATION 

Every  effort  was  Bade  to  insure  that  the  variations  in  test  results  would 
ho  due  tc  mstorial  proportloc,  by  requiring  and  folding  close  test  specimen 
machining  tolerances.  The  conditions  for  machining  were  carefully  chosen 
to  provide  a  minimum  of  distortion  and  surface  defects  which  might  influence 
the  resulting  test  data,  Additionally,  care  was  exercised  to  insure  that 
the  material  was  not  overheated  during  any  of  the  cutting  or  machining  operations. 


Section  IV 
TEST  EQUIPMENT 


■  r./dineo  within  this  section  are  the  various  pieces  of  .eat  equipment  used 
In  this  -investigation. 


Static  Tests 
Fatigue  Tests 
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SECTION  IV 


TEST  EQUIPMENT 


4.1  a 


41 1  Loading  Apparatus 

The  loading  apparatus  used  in  the  performance  of  tension,  compression,  bearing, 
shear,  fracture  toughness,  and  stability  tests,  are  as  follovs: 

One  Instron  Uni^eral  Testing  Machine  -  10,000  capacity 
One  Instron  Uni*  ■•"•sal  Testing  Machine  -  20,000  capacity 
One  Baldwin-Lima-Hamilton  Universal  Testing  Machine  -  50,000 
capacity 

One  Baldwin-Lima-Hamilton  Universal  Testing  Machine  -  120,000 
c  ipacity 

One  Richie  Universal  Testing  Machine  -  120,000  capabity 

Ail  of  the  above  mentioned  machines  are  equipped  with  strr.in-rate  pacers 
and  autographic  recorders. 


41.2, 


Weideman  Dual  Range  Extensoineter,  Model  TSMD 
Weideman  Dual  Range  Extensometer,  Model  KSMD 
Weideman  Averaging  Type  Extensometer,  Model  P3-SM 
Weideman  Averaging  Type  Extensometer,  Model  PS-3MH 
Instron  Strain  Gage  Extensometer,  Model  G-51-12 
Instron  Strain  Gage  Extensoineter,  Model  G-51-1I 
Baldwin  Strain  Beams,  Model  3B1E 
Aminco-Tuckerraan  Opticsl  Strain  Gage  System 

With  the  exception  of  the  Tuckerman  optical  strain  gage  system,  the  above 
listed  extensometers  and  strain  gage  extensometers  were  used  with  autographic 
recording  equipment  which  are  built  in  to  the  various  Universal  testing 
machines  to  measure  load  versus  deformation. 

4 1 3  Furnaces 

The  furnaces  used  for  achieving  the  static  elevated  test  temperatures  are 
as  follows: 

(1)  Pacific  Scientific  Forced  Air  Furnace  -  1400F  capability 

eyvell-Brown  "Electronik”  recorder  controller 

(2)  Hevi-Duty  Split  Tube  Radiant  Furnace  -  200CF  capability 
Wheelco  pyrometer  controllers 

(3)  Messimers  Circulating  Air  Chamber  -  1000F  capability 
Brown  proportional  controller 

(4)  NR/LAD  built  Split  Tube  Radiant  Furnaces  -  2000F  capability 
Wheelco  pryromoter  controllers 
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The  furnaces  used  for  thermal  stability  exposure  work  were: 

(1)  Pacific  Scientific  Forced  Air  Furnaces  -  lUOOF  capability 
Honeywell-brown  Pry-O-Vane  controllers 

(2)  Arcweld  Radiant  Tube  "Dial-G-Matic"  Furnace  -  2000F  capability 
Honeywell-Brown  controllers 

The  furnaces  used  for  heat  treating  the  Ti-6Al-6V-2Sn  material  to  Cond.  STA 
are  as  follows: 

(1)  Hevi-Duty  Radiant  Furnace  -  2100F  capability 
Leeds  and  Northrup  controllers 

(2)  Pacific  Scientific  Forced  Air  Furnaces  -  1400F  capability 
Honeywell-Brown  controllers 

4 7  FATIGUE  TESTS 

The  fatigue  test  machines  used  to  construct  the  Goodman  Diagrams  included: 

(1)  Amsler  Vibraohone  Fatigue  Machine  -  22,000  Lb.  capacity, 

60  -  300  CPS 

(2)  iiuldwin-Sonntag  Fatigue  Machine  -  10,000  Lb.  capacity  (has  a 

5:1  load  multiplier  60,000  Lb.), 

30  CPS 

(3)  Krouse  Direct  Stress  Fatigue  Machine  -  5000  Lb.  capacity  (has  a 

2-J  load  multiplier,  10,000  Lb.) 


NOTE:  The  fracture  toughness  tests  were  prs-cracked  using  the  above  listed 
Krcuse  Direct  Stress  Fatigue  Machine 


Section  V 


TEST  PROCEDURES 


Contained  v-tthin  this  section  are  the  procedures  utilized  for  the  various 
mechanical  property  tests  performed  in  this  investigation 


Page 

Tensile  Tests 

101 

Compression  Tests 

102 

Bearing  Tests 

103 

Shear  Tests 

104 

Fracture  Toughness  Tests 

105 

Metallurgical  Stability  Tests 

105 

Fatigue  Tests 

106 

100  - 


SECTION  V 
TEST  PROCEDURES 


5.1  TENSILE  TESTS 

Tensile  tests  on  the  subject  program  were  performed  using  a  Riehle,  Baldwin- 
Lima- Hamilton,  and  Instron  Universal  test  machines  which  are  fully  equipped 
with  autographic  recorders  and  automatic  strain  pacers.  These  machines  are 
calibrated  at  least  once  each  yes’**  to  the  appropriate  AS TW  Standard  to  ensure 
loading  accuracy. 

Tensile  specimens  tested  at  the  indicated  elevated  temperatures  w^re  heated 
by  means  of  a  Pacific  Scientific  forced  air  furnace  that  has  a  capability 
of  DJiOOF  and  tube  radiant-type  furnaces  that  have  a  temperature  capability 
of  200F.  All  furnaces  are  capable  of  maintaining  ±  5F  over  a  2-inch  gage 
length. 

Specimen  temperature  measurements  were  made  by  means  of  20  A.W.G  diameter 
chromel-alumel  thermocouples  attached  to  the  center  of  the  test  specimen 
and  calibrated  potentiometers  for  obtaining  emf  readings. 

All  measurements  of  individual  specimens  for  area  determinations  were  made 
using  a  calibrated  micrometer  capable  of  measuring  ±  0.0001  inch  of  the 
nominal  specimen  dimension.  A  minimum  of  five  width  and  thickness  measure¬ 
ments  were  taken  over  the  individual  specimens'  gage  length  for  the 
cross-sectional  area  determination. 

Determination  of  the  tensile  yield  strength  and  the  elastic  modulus  of  each 
Individual  specimen  tested  were  performed  by  attaching  a  Baldwin-Lima- Hamilton 
or  an  Instron  strain  gage  extensome^er  to  the  gage  length  of  the  test  ••pecimen. 

An  automatic  strain  pacer  was  used  to  monitor  the  induced  strain  to  the 
tensile  yield  strength.  A  strain  rate  of  0.005  in. /in. /min.  was  maintained 
up  to  the  yield  strength.  After  yielding  occurred,  the  loading  rate  was 
increased  so  as  to  produce  failure  of  the  specimen  in  approximately  one 
minute. 

In  addition  to  the  autographically  recorded  load- elongation  graphs,  p  limited 
number  of  stress-strain  plots  were  made,  using  Tuckerman  optical  strain 
gages.  This  instrument  conforms  to  A3H4  E&3-57T,  Class  A,  requirements  which 
limit  the  maximum  error  of  indicated  strain  to  0.00001  or  10  times  as  limiting 
as  the  requirements  specified  for  Class  B-l  extensometers .  Data  generated 
using  this  instrument  serves  as  a  base  line  for  comparing  subsequent  test 
data  obtained  using  the  conventional  autographic  extensometers. 

Typical  full  range  stress-strain  curves  for  each  of  the  materials  tested 
in  conjunction  with  the  precision  elastic  modulus  obtained  for  the  various 
materials  are  reported  in  Section  VII  of  this  report. 

Typical  room  temperature  and  elevated  temperature  tensile  setups  are  shown 
in  Figures  5-1  and  5-2,  respectively. 
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.^COMPRESSION  TESTS 


Compression  testing  of  the  four  materials  was  accomplished  by  employing 
a  compression  subpress  in  conjunction  with  a  Universal-type  testing  machine. 

One  of  the  compression  subpresses  used  vas  designed  end  built  at  NR/LAD,  and 
employs  a  rigid  frame  containing  a  lower  carbide  loading  anvil  which  is  parallel 
to  the  bed  of  the  testing  machine.  Within  the  frame,  a  sliding  plunger  is 
contained  which  accommodates  the  upper  carbide  loading  anvil.  The  plunger 
is  rigidly  aligned  within  the  support  frame  by  the  use  of  low-friction  graphite 
plugs. 

Specimen  side  support  is  provided  by  a  plate  assembly  made  up  of  small  car¬ 
bide  balls  backed  up  by  a  carbide  plate  with  the  balls  protruding  through 
a  front  retaining  plate  in  which  the  holes  for  the  balls  are  large  enough 
to  allow  rotation  and  translation  of  each  ball  while,  at  the  same  timef  re¬ 
taining  the  ball  within  the  plate.  This  method  cf  support  provides  nearly 
frictionless  contact  even  st  high  temperatures. 

A  special  fixture  is  used  to  make  gage  mark  indentations  on  each  side  of  the 
specimen  into  which  the  hardened  points  of  the  extenscmeter  arms  fit.  The 
extensometer  arms  pass  through  an  access  hole  in  the  bottom  of  the  subpress 
frame  and,  in  turn,  are  connected  to  a  common  lineal  differential  transducer 
located  in  an  ambient  temperature  zone.  The  extensometer  system  used  meets 
ASTM  Standard  E83-57T,  Class  3-1,  requirements. 

The  HR/LAD  built  compression  subpress  has  proven  to  yield  exceptionally 
reliable  and  highly  reproducible  compressive  yield  strengths  as  well  as 
elastic  moduli  on  a  variety  of  materials  tested  in  it  from  room  temperature 
to  lSOOF.  Materials  with  known  moduli  have  been  tested  and  the  results  ob¬ 
tained  from  the  subpress  agree  remarkably  well  wi.th  the  known  values.  The 
reproducibility  of  the  subpress  has  been  demonstrated  time  Gnd  agsin  or  large 
NR  test  programs  where  replication  of  test  effort  has  been  necessary. 


Elevated  temperature  compression  testing  is  provided  for  by  a  specially 
constructed  resistance  wound  furnace,  which  is  designed  so  that  the  elements 
are  in  close  proximity  to  the  subpreso  body.  Temperature  uniformity  is 
measured  by  three  thermocouples  inserted  in  ths  side  support  plates  adjacent 
to  the  specimen.  The  test  machine  employed^ temperature  measurement  and 
specimen  measurement  techniques, as  well  as  strain  pacing  paralleling  those 
described  for  the  tensile.  All  compression  tests  were  condu:ted  in  accordance 
with  ASTM  E  2QQ-63T.  Figure  5-3  shows  the  NR/LAD  built  compression  subpress. 
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S3  BEARING  TESTS 


Bearing  tests  on  the  program  were  performed  using  a  Universal -type  testing 
machine  and  a  bearing  fixture.  One  of  the  fixtures  used,  Figure  5.k,  accommo¬ 
dates  the  bearing  test  specimen  and  is  basically  an  adjustable  clevi3  that 
contains  the  loading  pin  as  well  as  providing  for  appropriate  deformation 
measurements. 

When  the  specimen  is  in  place  within  the  test  fixture,  the  extension  arms  em¬ 
ploying  point  contacts,  locate  on  the  sides  of  the  bearing  test  specimen. 

When  a  load  (tension)  is  applied,  the  relative  displacement  occurring  between 
the  pin,  which  is  an  integral  part  of  the  test  fixture,  and  the  pickup  arms 
located  on  the  sides  of  the  test  specimen  is  transferred  to  a  linear  differential 
transducer.  The  obtained  signal  is,  in  turn,  fed  into  the  test  machine's 
autographic  recorder,  providing  the  necessary  load-deformation  plots  necessary 
to  obtain  the  2  percent  bearing  yield  strength. 

The  bearing  fixture  itself  is  made  from  Haynes  25  and  contains  carbide  bush¬ 
ings  that  accommodate  the  loading  pin.  The  loading  pin3  themselves  are 
fabricated  from  hot  work  die  steels,  heat-treated  to  the  280  -  300  Ksi  range 
to  resist  brinelling  during  test. 

Temperature  measurements  were  made  by  attaching  a  thermocouple  to  the  test 
specimen  in  the  area  of  the  pin. 

Elevated  test  temperatures  were  achieved  using  a  tube  furnace  previously 
described  in  the  Tensile  Test  section. 

All  bearing  tests  were  performed  in  accordance  with  ASTM  E  234-64T. 
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*iA  SHEAR  TESTS 


She8r  tests  on  the  subject  program  were  accomplished  using  an  NR/LAD-built 
double  shear  subpress,  shown  in  Figure5-5.  A  Universal-type  testing  machine 
previously  described  provided  the  necessary  loading  requirements. 

The  shear  subpress  is  basically  a  rigid  frame  containing  the  necessary  load 
bearing  edges  which  are  carbide,  and  provides  the  required  lateral  restraint 
of  the  sheet  shear  specimen  during  test.  Contained  within  the  frame  is  a 
plunger  which,  in  turn,  is  placed  within  the  frame.  By  applying  a  compressive 
load,  the  subpress  imparts  a  double-shear  load  condition  to  the  restrained 
specimen.  When  the  shear  subpress  is  properly  adjusted,  the  respective  carbide 
load  bearing  edges, contained  within  the  plunger  and  frame,  pass  within  l/lOO 
of  an  inch  of  each  other  during  tests.  It  has  been  NR/LAD  experience  that 
this  subpress  provides  highly  reproducible  and  reliable  shear  test  data. 

NR/LAD  has  tried  a  variety  of  shear  test  specimens  and  fixtures  in  an  effort 
to  obtain  consistent  and  reliable  shear  property  data.  Methods  tried  and 
discarded  after  proving  unsatisfactory  have  included  the  conventional  single¬ 
shear  tension  sheet  specimen  as  we  well  as  fixtures  which  test  specimens  in 
single  shear.  The  double-shear  subpress  described  has  proved  superior  to 
the  various  other  methods  explored  so  far  as  producing  both  reliable  and 
reproducible  shear  test  data. 

Elevated  test  temperatures  were  achieved  using  a  specially  constructed 
resistance-wound  furnace  designed  for  use  with  the  3hear  subpres3.  Tempera¬ 
ture  measurements  were  made  from  a  thermocouple  which  is  inserted  into  the 
subpress  in  very  close  proximity  to  the  test  specimen. 

Since  only  ultimate  load  was  determined,  no  deformation  measurements  were 
made. 

Specimen  measurement  techniques  paralleled  those  described  for  the  tensile 
tests. 

The  single-3hear  ultimate  strength  was  derived  from  the  double  shear  load 
by  merely  taking  half  the  failing  load  and  dividing  it  by  the  cross-sectionr.l 
area  of  the  specimen. 

The  shear  tests  performed  were  in  accordance  with  ARTC  13-S-l  detail 
requirements . 
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3. S FRACTURE  TOUGHNESS  TEST 3 


The  fracture  toughness  test  used  to  obtain  plane  strain  (Kjc)  values  for 
the  four  titanium  alloys  employed  the  single-edge-notch  tension-type  speci¬ 
men.  Selection  of  this  configuration  was  based  on  several  considerations: 
First,  and  most  important,  specimens  conforming  to  this  configuration  yield 
correct  and  consistent  Kjc  values,  References  1  and  2  .  Secondly,  while 
this  configuration  provided  the  necessary  plane  strain  test  data  for  the 
program,  it  also  ha-  the  advantage  of  substantial  material  economy. 

Precracking  of  the  individual  test  specimens  to  the  desired  predetermined 
depth  was  accomplished  using  a  fatigue  machine.  The  total  depth  of  the 
sawed  crack,  plus  that  induced  by  fatigue  (natural  crack),  will  equal  approxi¬ 
mately  one  third  of  the  specimen  width,  with  the  sawed  crack  depth  being 
equal  to  or  less  than  0.75  of  the  total  crack  depth.  Crack  growth  induced 
by  fatiguing  was  carefully  monitored  by  means  of  a  binocular  microscope. 

Tension  testing  of  the  precracked  fracture  toughness  test  specimens  was 
performed  using  a  Universal -type  testing  machine.  Load  deflection  curves 
were  obtained  for  each  specimen  tested  using  a  Class  B-l  extensometer  applied 
to  the  edge  of  the  specimen  across  the  crack  zone  as  a  compliance  gage.  A 
cross-head  speed  of  .05  In. /Kin.  was  used  for  the  fracture  toughness  tests. 
Upon  completion  of  testing,  the  load  versus  deflection  plots  were  analyzed 
for  "pop-in"  load.  Kjc  values  were  then  determined  by  means  of  the  follow¬ 
ing  relationship: 

-..-fe] 


where  * 

B  =  specimen  thickness 
a  =  crack  length  at  "pop-: n"  (in) 
w  =  specimen  width  ,/n) 
v  =  Poisson's  ratio 

All  of  the  fracture  toughness  testing  was  conducted  at  room  temperature 
and  was  limited  to  the  l/4-inch  thick  materials. 

5.6  METALLURGICAL  STABILITY  TESTS 

The  effect  of  exposure  to  selected  elevated  temperatures  for  prolonged 
periods  of  time  was  determined  for  the  four  selected  alloys  using  tensile 
and  fracture  toughness  tests  as  the  measuring  criteria. 

Tensile  test  specimens  of  the  appropriate  configuration  were  exposed  to 
elevated  temperatures  of  400F,  600F,  and  800F  for  time  durations  of  10,  100, 
and  1000  hours.  After  exposure,  some  of  the  test  specimens  were  tested  at 
room  temperature  with  the  remaining  being  tested  at  the  elevated  temperatures 
at  which  they  were  exposed. 
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Fracture  toughness  test  specimens  were  exposed  at  400F,  600F  and  800F  for 
10,  100,  and  1000  hours,  and  tested  at  room  temperature  after  elevated 
temperature  exposure. 

Test  equipment,  fixtures  and  procedures  for  each  type  of  test  are  described 
in  the  preceding  text. 

.7  FATIGUE  TE3T 

Fatigue  tests  were  performed  on  the  subject  program  using  the  equipment 
described  in  Section  IV.  All  tests  were  at  room  temperature,  employing 
both  smooth  and  notched  (Kt  =  3*0)  fatigue  test  specimen  configurations. 
Four  minimum-to-maximum  stress  ratios  (R  factors)  were  used.  These  were 
R  =  -1.0,  R  =  -0.3,  R  =  0  and  R  =  +0.3.  The  stress  levels  were  varied 
within  a  group  of  specimens  so  that  3-N  curves  could  be  constructed.  From 
the  various  3-N  curves  generated  for  the  four  R  factors  for  a  given  alloy 
and  Kt,  constant  life  diagrams  were  then  constructed.  A  photograph  of 
one  of  the  fatigue  test  machines  employed  in  this  investigation  is  shown 
in  Figure  5-6. 


Section  VI 


SUMMARY  AND  ANALYSIS  OF  TEST  RESULTS 


Contained  within  this  section  are  the  statistical  analysis  procedures  used 
to  obtain  the  "A"  and  "B"  Design  Allowables,  in  addition  to  summary  tables 
of  the  test  results  obtained  in  this  investigation. 
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R.T.  DESIGN  ALLOWABLES 


METHODS  OP  STATISTICAL  ANALYSIS  - 

This  analysis  was  accomplished  in  accordance  with  "MIL'HDBKVS  Guidll.ies 
for  the  Presentation  of  Data",  AJML  TR -6 6-306  Battelle  Memorial  Institute. 


The  mechanical  properties  presented  here  are  identified  by  a  letter  (i.e.,  A 
or  B)  to  indicate  the  basis  upon  which  they  were  established.  An  "A"  value  is 
the  property . above  which  99  percent  of  the  population  is  expected  to  fall  with 
a  confidence  of  95  percent.  A  "B"  value  is  the  property  above  which  90  per¬ 
cent  of  the  population  is  expected  to  fall  with  a  confidence  of  95  percent. 

There  are  two  methods  of  obtaining  these  values  and  they  are: 

1.  Directly  Calculated  Values  -  The  directly  calculated  "A"  values  are  ob¬ 
tained  r s  follows: 


•'A"  value  -  x  -  KSX 

Where  x  =  — - 

n 

1  (n  -  1) 

where  x  is  the  average  value  of  individual  measurements,  Sx  standard  deviation 
of  individual  measurements,  n  the  number  of  individual  measurements  and  K, 
the  one-sided  tolerance  factor  for  normal  distribution  and  specified  probability, 
confidence,  and  population  (i.e.,  for  "A",  F  =  gy  n). 

The  nBr  values  are  calculated  as  follows: 


•B'  value  =  x  -  KS* 


Where  K  -  K^^q,  .95’  n* 

The  values  of  K  were  obtained  from  the  table  "One-Sided  Tolerance  Factors  for 
the  Normal  Distribution  and  a  Confidence  of  .95%  in  Tables  of  Normal  Pro¬ 
bability  Functions  in  above  referenced  document. 

An  additional  requirement  is  that  the  population,  n,  must  consist  of  at  least 
100  points  from' a  minimum  of  ten  different  heats  of  material.  Because  of  the 
scarcity  of  available  data,  this  requirement  usually  can  be  satisfied  for 
room  temperature  tensile  ultimate  and  yield  only. 
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2.  Derived  Values  -  These  value-.  v?e  established  through  their  relation¬ 
ship  to  directly  calculated  nA"  or  ~B"  values  of  F^u  or  F^-  as  obtained  in 
the  foregoing  section.  This  method  consists  of  pairing  individual  ultimate 
strength  values  (i.e.,  F^„,  Fsu,  Fv_^  r-dth  individual  tensile  ultimate 
strength  velues,  or  individual  yield  strength  7£lues  (i.e.,  F^y,  F^yy)  vith 
individual  tensile  yield  strength  values,  determining  the  mean  ratio  of 
these  pairs  vith  a  probability  of  95  percent  and  multiplying  the  directly 
calculated  "A"  or  "B"  values  of  FfU  or  F*_  by  this  factor.  Derived  values 
are  therefore  equal  to: 


~  t.05Sr^  Ftu  (A  °r  B) 


or  (r  -  t)05S -)  Fty  (A  or  B) 


where 


r 


Lx 

n 


and  t  .05  is  the  two-sided  tolerance  factor  for  the  nt"  distribution,  a 
probability  of  95  percent  and  the  population,  n,  involved.  The  values  of 
t  .05  were  obtained  from  a  table  in  the  referenced  document.  The  derived 
values  of  the  mechanicsl  properties  have  the  same  validity  (A  or  B)  as  the 
values  of  F^u  or  Fty  used  in  equations  (4)  and  (5).  Ten  pairs  of  measure¬ 
ments  (n  =  10)  are  the  minimum  for  establishing  a  derived  allowable.. 


LIST.  .QF  STAHS.XIC-U..£IHP9.4? 

A  "A"  basis  for  mechanical  property  values 

B  "B"  basis  for  mechanical  property  values 

K  One-sided  tolerance  factor  for  the  normal  distribution  and  the 

specified  probability,  confidence  and  population 
n  The  number  of  individual  measurements  or  paired  measurements  - 

population 

r  Ratio  of  tuo  paired  measurements 

r  ratio  of  two  paired  measurements 

Sj  Standard  error  of  paired  measurement  ratios 

Sx  Standard  deviation  of  individual  measurements 

r  Two-sided  tolerance  factor  for  the  "t**  distribution  and  the 

specified  probability  and  population 
x  Value  of  an  individual  measurement 

x  The  average  value  of  individual  measurements 

j-  The  summation  of 
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6.2  DISCUSSIGW  OF  ROOM  TIMPERATURE  ALLOWABLES 

The  values  of  all  the  mechanical  properties  for  the  Ti-UAl-3Mo-^V  Cond.  A 
sneet,  T1-6A1-UV  Cond.  STA  plate,  and  Ti-6Al-6V-2Sn  Cond.  A  and  STA  plate  ire 
presented  as  "S"  values.  This  was  a  result  of  insufficient  quantities  of 
producers  and  users  test  data  being  supplied  to  NF./LAB  during  the  solicita¬ 
tion  of  data  phase  of  the  subject  contract.  It  should  be  noted  that  NR /LAD 
solicited  the  industry  for  test  data  applicable  for  the  alloy  covered  in 
tV-  scope  of  this  contract.  Much  of  the  data  obtained  as  a  result  of 
so3icitation  could  net  be  used  because  of  it  not  being  the  proper  gage 
range,  vr.  ng  condition,  or  inadequately  identified  to  confidently  be  used. 

The  desired  property  values  (i.e.,  all  properties  except  Fpu,  Fty  and  e) 
for  all  alloys  are  limited  because  only  five  ratios  were  used,  to  obtain 
each  value,  while  a  minimum  of  ten  ratios  is  required  by  the  MIL-HDBK-5 
Guidelines . 

The  Ftu,  Fty  and  e  values  for  the  Ti-13V-llCr-3Al  sheet  alloy  are  valid  "A" 
and  "3"  values  to  the  extent  that  sufficient  number  of  test  data  were  avail¬ 
able  to  establish  valid  statictical  values;  however,  all  test  data  reflect 
one  producer  only.  Additionally,  much  of  the  applicable  data  was  obtained 
in  summary  form  which  did  not  show  the  distribution.  Therefore,  a  test  for 
normality  could  not  be  made. 

Table  VI-1  to  VI-U  indicate  the  populations  and  other  pertinent  information 
used  in  calculation  of  the  allowables. 

6.3  DATA  PRESENTATION 

6.3.1  Effect  of  Temperature  Curves 

These  curves  are  presented  as  Per  Cent  Strength  at  Room  Temperature  vs  Test 
Temperature.  The  procedure  used  to  obtain  these  curves  ii-  as  follows: 

a.  Plot  the  individual  values  for  the  property  at  each  temperature. 

b.  Indicate  the  average  value  at  each  temperature. 

c.  Draw  the  curve  passing  through  the  average  at  room  temperature 
and  either  the  average  or  5  percent  above  minimum  value,  which¬ 
ever  is  lowest,  at  each  elevated  temperature. 

d.  Obtain  the  curve  value  at  each  temperature  as  a  percentage  of 
the  curve  value  at  room  temperature. 

e.  Plot  the  per  cent  values  and  fit  the  curve. 

To  obtain  in  a  smooth  curve  in  step  (e),  engineering  judgement  was  used  and 
the  curves  do  not  necessarily  pass  through  the  stated  values  at  each 
temperature . 
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6.3.2  Effect  of  Exposure  Curves  ! 


These  curves  are  presented  in  "Per  Cent  Strength  at  Room  Temperature  vs  s 
Exposure  Temperature";  they  show  the  effect  on  the  properties  of  specimens  | 
tested  at  room  temperature  after  exposure  to  elevated  temperature.  These  § 
curves  are  drawn  using  the  same  technique  described  above.  I 

| 

The  working  curves  (steps  (a) ,  (b),  and  (c))  can  be  found  in  the  Appendix .  j 
Where  aging  has  occurrr  *?  and  strength  has  increased  with  either  temperature  l 
or  exposure  time,  as  in  the  case  of  Ti-13V-llCr-3Al,  a  dashed  line  indicates  I 
this  phenomena.  In  accordance  with  the  MIL-HDBK-5  Guidelines,  the  working  .> 
curve  is  drawn  so  that  strength  is  not  shown  to  increase  with  either  temp-  « 
erature  or  exposure  time. 


6.3*3  Stress-Strain  Curves 

The  method  used  to  obtain  these  curves  is  as  follows: 

a.  For  each  alloy  and  at  each  temperature,  select  several  well 
defined  typical  curves. 

b.  Measure  the  plastic  strains  at  different  percentages  of  the 
yield  strength  and  compute  the  average  plastic  strain  at 
each  percentage. 

c.  Select  the  modulus  values  to  be  used:  at  room  temperature 
use  the  value  obtained  by  precision  modulus  measurements 
made  in  this  program;  at  elevated  temperatures  obtain  a 
value  from  data  contained  in  MXL-HDBK-5,  where  available, 
or  from  data  generated  in  this  program. 

d.  Use  the  average  value  for  the  yield  strength  at  room  temp¬ 
erature;  find  the  elevated  temperature  average  yield 
strengths  using  the  appropriate  "Effect  of  Temperature" 
curve  and  the  roan  temperature  value. 

e.  Draw  the  straight  line  portion  of  the  curve  using  the  selected 
modulus;  add  the  plastic  strain  and  the  elastic  strain  at  the 
percentages  of  the  yield  strength  chosen  in  step  (b)  to  obtain 
the  remainder  of  the  curve. 

6.3.^  Constant  Life  Diagrams 


The  fatigue  constant  life  diagrams  presented  in  Section  VII  for  the  test 
materials  were  constructed  from  the  S-N  curves  contained  within  the  Appendix. 
Engineering  judgement  was  exercised  in  the  construction  of  constant  life 
diagram  to  smooth  out  some  of  the  humps. 
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6.3*5  Fracture  Toughness  Tests 

The  fracture  toughness  test  results  are  presented  in  Section  VII 
in  tabular  form.  As  there  is  no  standardized  treatment  of  these 
test  data  listed  within  the  "Guidelines"  for  inclusion  into 
MIL-HIJBK-5>  pertinent  detail  test  data  is  included  along  with  the 
computed  fracture  toughness  values.  No  attempt  was  made  to 
summarize  either  the  fatigue  or  fracture  toughness  test  data. 


6.3.6  Summary  of  Room  Temperature  Test  Results 

A  summary  of  room  temperature  test  results  for  the  various  materials;  tested 
are  presented  in  Table  VI -5  to  VI-9-  The  summary  presents  averaged  test 
values  for  the  various  mechanical  property  tests  performed  with  the 
exception  of  the  fatigue  tests  and  plane  strain  fracture  toughness  tests. 


6.4  POPULATIONS  USED  TO  OBTAIN  ALLOWABLES 


Table  VI  -  1 


Ti  4A1-3Mo-1V  Condition  A 


Material  Form 
and  Property 

Direction 

HE2S2S21 

Sheet 

TV 

*tu 

L 

s 

LT 

3 

Fty 

L 

S 

LT 

s 

FCy 

L 

s 

LT 

s 

Fsu 

L 

s 

LT 

FBru  (e/D=1.5) 

L 

3 

t 

LT 

(e/D=2.0) 

L 

3 

LT 

Fbry  (e/D=l. 5) 

L 

S 

LT 

e 

S 

«* 

Method 

Pairs 

Heats 

Vendors 

Direct 

9 

3 

Direct 

Q 

u 

3 

Direct 

9 

3 

Direct 

6 

3 

Derived 

6 

6 

2 

Derived 

6 

6 

2 

Derived 

6 

6 

2 

2 

2 

Derived 

6 

6 

o 

2 

2 

Derived 

6 

6 

2 

2 

2 

Derived 

6 

6 

2 

2 

2 

Direct 

9 

*3 

.J 

* 


See  6.2  for  discussion 


of  the  validity  of  these  values. 


**  Direct  "S"  values  were  taken  from  MIL-T-9046. 


no 


CD  vo 


6.4  (continued) 


Table  VI  -  2 


Ti  13V-llCr-3Al  Condition  A 


Material  Form 
ana  Property 

WSSM 

wSSSSmm 

Method 

Pairs 

Keats 

Vendors 

Specimens 

Sheet 

1 

'  1 

Ftu 

L 

A  &  E 

Direct 

Unknown  l 

1 

4385 

LT 

A  &  B 

Direct 

Unknown 

1 

2929 

Fty 

L 

A  &  B 

Direct 

Unknown 

1 

4385 

LT 

A  &  B 

Direct 

Unknown 

1 

2929 

F 

cv 

L 

A  &  B 

Derived 

4 

4 

1 

4 

LT 

A  &  B 

Derived 

5 

5 

1 

5 

Fsu 

L 

A  &  B 

Derived 

5 

5 

1 

5 

LT 

1 

1 

1 

Fbru  (e/D=1.5) 

L 

A  &  B 

Derived 

5 

c; 

1 

5 

LT 

i 

1 

1 

(e/D-2.0) 

L 

A  &  B 

Derived 

5 

5 

1 

5 

LT 

t 

1 

1 

1 

Fbry  (e/D=l«5) 

L 

A  &  B 

Derived 

5 

5 

1 

5 

LT 

1 

1 

1 

(e/D=2.0) 

L 

A  &  B 

Derived 

5 

5 

1 

5 

LT 

1 

1 

1 

r  i 

i  a 

e 

L 

A 

Direct 

Unknown 

1 

2828 

LT 

A 

Direct 

Unknown 

2962 

6.4  (cont’d) 


Table  VI  -  3 


Ti  6A1-4V  Condition  STA 


Material  Form 
and  Property 

Direction 

** 

Method 

Heats 

Vendors 

Plate 

.250  to  .300 

Ftu 

L 

*•* 

0 

Direct 

15 

2 

33 

LT 

s 

Direct 

13 

2 

29 

Fty 

L 

s 

Direct 

15 

2 

33 

LT 

s 

Direct 

13 

2 

29 

Fcy 

L 

3 

2 

3 

LT 

3 

2  ! 

3 

^su 

L 

3 

2 

3 

LT 

2 

2 

3 

Fbru  (e/D=1.5) 

L 

<i 

3 

2 

3 

LT 

0 

C. 

2 

2 

(e/D=2.0) 

L 

3 

2 

3 

LT 

2 

2 

2 

Fbry  (e/^=^-*5) 

L 

3 

2 

3 

LT 

2 

2 

2 

(e/D=2.0) 

L 

3 

2 

3 

LT 

2 

2 

2 

e 

s 

Direct 

15 

A 

CL 

62 

Plate 

•500  to  .630 

F 

rtu 

L 

s 

Direct 

20 

2 

35 

LT 

s 

Direct 

11 

2 

21 

Fty 

L 

s 

Direct 

20 

2 

35 

LT 

s 

Direct 

11 

2 

21 

FCy 

L 

3 

2 

3 

LT 

3 

2 

3 

F 

r8U 

L 

3 

2 

3 

LT 

1 

1 

1 

Fbru  (e/D=1.5) 

L 

3 

2 

3 

LT 

1 

1 

1 

**  Direct  "S"  values  were  taken  from  MIL- T- 9046. 
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6.4  (corrt'd) 


Table  VI-3  (Cont'd) 


Ti  oA\-4V  Condition  STA 


Material  Fora 
and  Property 

Direction 

Values 

Obtained 

** 

Method 

Heets 

Vendors 

Specimens 

(e/D=2.0) 

L 

3 

2 

3 

LT 

1 

1 

1 

Fbry  (e/D-1.5) 

L 

3 

2 

3 

LT 

1 

1 

1 

(e/D=2.0) 

L 

3 

2 

3 

LT 

1 

1 

l 

e 

s 

Direct 

20 

2 

56 

Plate 

.750  to  1.000 

Ftu 

L 

s 

Direct 

5 

2 

27 

LT 

s 

Direct 

5 

2 

27 

Fty 

L 

3 

Direct 

5 

2 

27 

LT 

3 

Direct 

5 

2 

27 

Fcy 

L 

2 

2 

2 

LT 

2 

2 

2 

FSu 

L 

2 

2 

2 

LT 

1 

1 

1 

Fbru  ( e  /D=!L  •  5  ) 

L 

2 

2 

2 

LT 

1 

1 

1 

(e/D=2.0) 

L 

2 

2 

2 

LT 

1 

1 

1 

Fbry  (e/D-1.5) 

L 

2 

2 

2 

LT 

1 

1 

1 

(e/D=2.0) 

L 

2 

2 

2 

LT 

1 

1 

1 

e 

S 

Direct 

5 

2 

54 

Plate 

1.200  to  1.500 

Ftu 

L 

S 

Direct 

9 

r\ 

C. 

16 

LT 

s 

Direct 

9 

2 

16 

Fty 

L 

s 

Direct 

9 

2 

16 

LT 

s 

Direct 

9 

2 

16 

e 

s 

Direct 

9 

2 

32 

*  Direct  "3"  values  were  taken  from  _  122  - 
MIL-T-9046. 


6.4  (cont’d) 


Tabl =  VI  -  k 


Ti  6Al-6V-2Sn  Condition  A 


Material  Form 
and  Property 

Erection 

Values  * 
Obtained 

4Ht 

Method 

Pairs 

Eeats 

Vendors 

Specimens 

Plate 

.250  to  .300 

T? 

‘  tu 

L 

S 

Direct 

7 

1 

15 

LT 

S 

Direct 

7 

1 

15 

Fty 

L 

S 

Direct 

7 

1 

15 

LT 

s 

Direct 

7 

1 

14 

Fcy 

L 

s 

Derived 

5 

5 

1 

5 

LT 

s 

Derived 

5 

5 

1 

5 

Fsu 

L 

s 

Derived 

5 

5 

1 

5 

TT 

1 

1 

*bru  (e/D*1.5) 

L 

s 

Derived 

5 

5 

1 

s 

LT 

1 

1 

1 

(e/D-2.0) 

L 

s 

Derived 

5 

5 

1 

5 

LT 

1 

1 

1 

fbrv  (e/D=1.5) 

L 

s 

Derived 

5 

5 

1 

5 

LT 

1 

1 

1 

(e/D=2.0) 

L 

s 

Derived 

5 

C 

1 

5 

LT 

1 

1 

1 

e 

s 

Direct 

7 

1 

30 

Plate 

.500  to  .630 

p. 

tu 

L 

5 

Direct 

6 

1 

12 

LT 

s 

Direct 

6 

1 

12 

Fty 

L 

s 

Direct 

6 

1 

12 

LT 

s 

Direct 

6 

1 

12 

F 

cy 

L 

s 

Derived 

5 

5 

1 

5 

LT 

s 

Derived 

5 

5 

1 

5 

F 

L 

s 

Derived 

5 

5 

1 

5 

_ _ 

LT 

1 

1 

1 

*  See  6.2  for  discussion  of  the  validity  of  these  values 


**  Direct  "S"  values  were  taken  from  MTL-T-9046. 
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6.4  (cont'd) 


Table  VI  -  4  (cont'd) 


**  direct  "S"  values  were  taken  from  MIL-T-9046 


*  See  6.2  for  discussion  of  the  validity  of  these  values 
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Table  VI  -  5 


Ti-6Al-6V-2Sn  Condition  STA 


Material  Form 

Values  * ** 

** 

and  Property 

Direction 

Obtained 

Method 

Pairs 

Plate 

.500  to  .630 

Ftu 

L 

S 

Direct 

LT 

s 

Direct 

Fty 

Fty 

L 

s 

Direct 

LT 

s 

Direct 

Fcy 

L 

s 

Derived 

5 

LT 

s 

Derived 

5 

Fsu 

L 

3 

Derived 

5 

LT 

Fbru  (e/D=1.5) 

L 

S 

Derived 

5 

LT 

(e/D=2.0) 

L 

s 

Derived 

5 

LT 

Fbry  (e/D-1.5) 

L 

s 

Derived 

5 

LT 

(e/D=2.0) 

L 

s 

Derived 

5 

LT 

e 

s 

Direct 

>1.50 

Ftu 

T 

U 

s 

Direct 

1 

LT 

3 

Direct 

Fty 

L 

s 

Direct 

LT 

3 

Direct 

F 

rcy 

L 

S 

Derived 

5 

LT 

S 

Derived 

5 

F 

xsu 

L 

S 

Derived 

5 

LT 

Heats 


5 

5 


5 

1 

5 

1 

5 

1 

5 

l 

5 


5 


5 

5 

5 

5 

5 

5 

5 

1 


*  See  6.2  for  discussion  of  the  validity  of  these  values 

**  Direct  "s"  values  were  taken  from  MIL- T- 9046. 
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Table  VI  -  5  (continued) 


Ti  6Al-6V-2Sn 
iterial  Form 


Condition  STA 


"Values' ’ 
Obtained 


** 

Method 


_ id  Property 


Direction 


Pairs 


Heats 


Vendors 


Fbiu  (e/D-1.5) 
(e/D-2.0) 
Fbry  (e/D-1.5) 
(e/D-2.0) 


L 

LT 

L 

LT 

L 

LT 

L 

LT 


Derived 


Derived 


Derived 


Derived 


Direct 


5 

5 


5 

1 

5 

1 

5 

1 

5 

1 


T 

1 

1 

1 

1 

1 

1 

1 


* 

** 


See  6.2  for  discussion  of  the  validity  of  these  values. 
Direct  "S"  values  were  taken  from  MIL- T- 90^6. 
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Table  VI -6 


SUMMARY  OF  ROOM  TEMPERATURE  TEST  RESULTS 


Ti  4A1-3Mo-1V  Annealed  Condition 


- - 

Property 

Thickness 

Direction 

No.  of  Tests 

Property  Value  * 

Tensile  Ultimate 

.110 

L 

6 

131.1 

Strength 

(KST) 

LT 

6 

136.7 

Tensile  Yield 

L 

6 

124.2 

Strength 

(K3I) 

<  .110 

LT 

6 

132.6 

Compressive  Yield 

L 

6 

127.6 

Strength 

(KSI) 

u.  •  HO 

LT 

6 

136.3 

Bearing  Ultimate 

L 

6 

210.8 

Strength  (KSI) 
e/D  =  1.5 

-HO 

LT 

2 

219.7 

Bearing  Ultimate 

L 

6 

277.3 

Strength  (KSI) 
e/D  =  2.0 

Jl  .110 

LT 

2 

283.9 

Bearing  Yield 

L 

6 

171.4 

Strength  (KSI) 
e/D  =  1.5 

•;  .110 

LT 

2 

177.9 

Bearing  Yield 

L 

6 

202.9 

Strength  (KSI) 
e/D  =  2.0 

j;  .110 

LT 

2 

218.6 

Siiecr  Ultimate 

L 

6 

82.6 

Strength  (KSI) 

<.  .110 

LT 

2 

84.2 

*  Average  value  for  more  than  1  test. 
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Table  VI  -7 


SUMMARY  OF  ROOM  TEMPERATURE  TEST  RESULTS 


Ti  13V-llCr-3Al  Annealed  Condition 


Property 

Thickness 

Direction 

.. 

No.  of  Tests 

Property  Value  * 

Tensile  Ultimate 

£.110 

L 

5 

135.3 

Strength 

(KSI) 

LT 

5 

137.8 

Tensile  Yield 

£.110 

L 

5 

13^.6 

Strength 

(KSI) 

LT 

5 

136.9 

Compressive  Yield 

L 

4 

132.3 

Strength 

(KSI) 

£  .110 

LT 

5 

137.2 

Bearing  Ultimate 

L 

5 

221.5 

Strength  (:tSl) 
e/D  *  1.5 

£.110 

LT 

1 

224.0 

Bearing  Ultimate 

L 

5 

303.4 

Strength  (KSI) 
e/D  *  2.0 

£  .110 

LT 

1 

311.0 

Bearing  Yield 

L 

5 

173.0 

Strength  (KSI) 
e/D  -15 

£.110 

LT 

1 

176.9 

Bearing  Yield 

L 

5 

192.0 

Strength  (KSI) 
e/D  =  2.0 

£.110 

LT 

1 

205.0 

Shear  Ultimate 

L 

5 

96.8 

Strength  (KSI) 

Ji  .110 

LT 

1 

98.2 

*  Average  value  for  more  than  1  test. 
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1  Property 


Tensile  Ultimate 
Strength 
(KSI) 


Tensile  Yield 
Strength 
(KSI) 


Compressive  Yielc 
Strength 
(KSI) 


Bearing  Ultimate 
Strength 
(KSI) 

e/D  =  1.5 


Bearing  Ultimate 
Strength 
(KSI) 

e/D  =  2.0 


Bearing  Yield 
Strength  (KSl) 
e/D  =  1.5 


Thickness 


.250  to  .300 


•500  to  .630 


2  1.00 


.250  to  .300 


.500  to  .630 


2  1.00 


.250  to  .300 


.500  to  .630 


£  1.00 


.250  to  .300 


.500  to  .630 


>1.00 


.250  to  .300 


.500  tc  .630 


±  1.00 


.250  to  .300 


.500  to  .630 


i  1.00 


Direction 


No.  of  Tests  Property  Value  * 


161.4 

167.1 


175.9 

178.2 


240.2 

240.9 


215.9 

217.8 

214.0 

207.7 


*  Average  value  for  more  than  1  test. 
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Table  VI  -8  (eont*d) 


SUMMARY  OF  ROOM  TEMPERATURE  TEST  RESULTS 


Ti  6A1-4V  STA  Condition 


Property 

Thickness 

Direction 

No.  of  Tests 

Property  Value  * 

.250  to  .300 

L 

3 

256.O 

Bearing  Yield 

LT 

2 

279.3 

Strength 

.500  to  .630 

L 

3 

283.8 

(KSI) 

LT 

1 

271.7 

e/D  =  2.0 

L 

£ 

LT 

1 

264.2 

i  1.00 

LE 

1 

265.8 

TE 

1 

257.3 

.250  to  .300 

L 

3 

“■  98.7 

LT 

n 

c. 

105.4 

Shear  Ultimate 

.500  to  .630 

L 

3 

^  103.5 

Strength 

LT 

1 

98.3 

(KSI) 

i  1.00 

L 

2 

“~95 75 

LT 

1 

102.0  | 

*  Average  value  for  more  them  1  test. 
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Table  VI  -  9 


SUMMARY  OP  ROOM  TEMPERATURE  TEST  RESULTS 


Ti  6Al~6V~2Sn  Annealed  Condition 


Property 

Thickness 

Direction 

No.  of  Tests 

Proper -y  Value  * 

.250  to  .300 

L 

5 

161. 2 

Tensile  Ultimate 

LT 

5 

171.2 

.500  to  .630 

L 

5 

1&0.9 

Strength 

LT 

5 

163.5 

(KSI) 

t 

5 

1553 

1.00 

LT 

5 

154.1 

ST 

5 

154.6 

.250  to  .300 

L 

5 

f“”  15B.B 

LT 

5 

166.6 

Tensile  Yield 

.500  to  .630 

L 

5 

15B.3 

Strength 

LT 

5 

160.2 

(KSI) 

L 

5 

1.00 

LT 

5 

ST 

5 

.250  to  .300 

L 

5 

LT 

5 

184.3  I 

Compressive  Yield 

.500  to  .630 

5 

Strength 

5 

(KSI) 

L 

5 

161.4 

1.00 

LT 

5 

157.5 

ST 

5 

153.6 

.250  to  .300 

L 

5 

26I.B~™ 

LT 

1 

274.6 

Bearing  Ultimate 

.500  to  .630 

L 

5 

275.5 

Strength 

LT 

1 

264.4 

(KSI) 

L 

5 

e/D  =  1.5 

1.00 

LT 

1 

256,4 

LE 

1 

244.9 

TE 

1 

212.9 

r™  ■  7250  to  .360  1 

L 

5 

330TB 

354.3 

LT 

1 

.500  to  .630 

L 

5 

344.7 

LT 

1 

392.9 

Bearing  Ultimate 

L 

4 

337.6 

Strength 

1.00 

LT 

1 

327.4 

(KSI) 

L3 

1 

317.4 

e/D  =  2.0 

TE 

1 

294.5 

*  Average  value  for  more  than  1  test 
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Table  VX-  9(oorct'd) 

SUM4ARY  OF  EDOM  TEMPERATURE  TEST  RESULTS 


Ti  6Al-6V-2Sn  Annealed  Condition 


Property 

Direction 

No.  of  Tests 

.250  to  .300 

V 

U 

5 

LT 

1 

Bearing  Yield 

.500  to  7530 

L 

5 

Strength 

LT 

1 

(K3I) 

I- 

5 

e/D  =  1.5 

1.00 

LT 

1 

LE 

1 

TE 

1 

.250  to  .300 

L 

5 

LT 

1 

Bearing  Yield 

U-  .500  to  ,530 

L 

5 

Strength 

LT 

1 

(KSI) 

L 

5 

e/D  =  2.0 

1.00 

LT 

1 

LE 

1 

TE 

1 

L 

5 

Sheer  Ultimate 

LT 

1 

Strength 

•500  to  .630 

L 

5 

(KSI) 

LT 

1 

1.00 

L 

5 

LT 

1 

*  Average  value  for  more  than  1  test. 


Table  VI  -  10 


SUMMARY  OF  ROOM  TEMPERATURE  TEST  RESULTS 


Ti  6Al-6V-2Sn  STA  Condition 


Property 

Thickness 

Direction 

No.  of  Tests 

Property  Value  * 

.250  to  .300 

L 

1 

184.6 

LT 

1 

191.2 

Tensile  Ultimate 

“  .500  to  .630 

L 

5 

_  — jgj-y 

183-5 

Strength 

(KSI) 

LT 

5 

L 

5 

187.4 

.>  1.00 

LT 

5 

I88.3 

ST 

5 

182.3 

.250  to  .300 

L 

i 

“  "  176.5 

LT 

1 

186.0 

"  :50C  to  .630 

L 

5 

177.1 

Tensile  Yield 

LT 

5 

176.5 

Strength 

L 

5 

176.2 

(KSI) 

>  1.00 

LT 

5 

179.0 

ST 

5 

167.6 

.250  to  .300  ~ 1 

L 

1 

LT 

1 

206.0 

Compressive  Yield 
Strength 
(KSI) 

.500  to .630 

L 

LT 

5 

5 

18878 

188.3 

mmmm 

5 

195.4 

>  1.00 

5 

191.4 

5 

194.4 

.250  to  .300 

L 

1 

59876 

.500  to  .630 

L 

5 

291.5 

Bearing  Ultimate 
Strength 

LT 

1 

287.4 

>  1.00 

L 

s 

(KSI) 

LT 

1 

209.0 

e/D  -1.5 

LE 

TE 

1 

1 

261.1 

251.7 

.250  to  .300 

L 

1 

360.4 

Bearing  Ultimate 
Strength 
(KSI) 

.500  to  .630 

L 

LT 

5 

1 

L 

t; 

s 

360.6 

e/D  =  2.0 

2 1-00 

LT 

1 

343.7 

LE 

1 

350.3 

TE 

1 

342.5 

*  Average  value  for  more  than  1  test. 
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Table  VI-  10  (cont’d) 


SUMMARY  OF  ROOM  TEMPERATURE  TEST  RESULTS 


Tl  6Al-6V-2Sn  STA  Condition 


Property 


Thickness 


Direction 


Nc.  cf  Tests 


Property  Value  * 


Bearing  Yield 
Strength 
(K3I) 

e/D  »  1.5 


.250  to  .300 
.500  to  .630 


>  1.00 


LT 


L 

LT 

LE 

TE 


5 

1 


5 

1 

1 

1 


277.7 


IT 

265.1 


270.9 

266.5 
240.0 

242.5 


Bearing  Yield 
Strength 
(KSI) 

e/D  *  2.0 


.250  to  .300 
.500  to  .630 


_>  1.00 


.550  to  .300 
.500  to  .630 


L 

LT 


L 

LT 

LE 

TE 


5 

l 


5 

1 

1 

1 


296.7 

298.3 

298.1 


304.9 

283.3 

289.4 
312.0 


Shear  Ultimate 
Strength 
(KSI) 


L 

Iff 


5 

1 


iot.O 


111.8 

118.0 


Section  VII 


TEST  RESULTS 


Contained  within  this  section  are  the  results  of  the  various  mechanical 
property  tests  performed  in  this  investigation. 
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Tensile  Tests  (continued)  Ti  UA1-3MO-1V  ANNEALED  CONDITION 
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7.1.2  Compression  Tests  Ti  UA1-3MO-1V  ANNEALED  CONDITION 
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No  Failure 
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7.2.1  Tensile  Tests  TI  13V-llCr-3Al  ANNEALED 


Tensile  Stability  Tests  TI  13V-llCr-3Al  AN”Ej 
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7-3  Typical  Tensile  Stress-Strain  Curve  (full-range)  for  Annealed 
Ti-6Al-6V-2Sn  Alloy  Plate  at  Room  Temperature. 
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( l)  Grip  Failur 
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SECTION  VIII 


?'iIL-.!IDBK-t7  DATA  PRESENTATION 

Contained  in  this  section  are  the  room  J^^S^Condt  A, 

of  temperature  curves,  and  s-wss-^rau -*  '  6Al-6V-2Sn  Cond.  A  and 

g  «*  a  discussion  of  the  ^ 

tions  of  the  allowables  contained  herein. 
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Design 

Design 

Design 

Design 


Allowables,  Ti-4Al-3Mo-lV  Cond.  A 
Allowables,  Cond.  A 

Allowables,  Ti-6A1-4V  Cond.  oiA 
A3.lowe.ble3,  Ti-6Al~6V-2Sn  Cond.  A 
Allowables,  Ti-6Ai-6'J-2Sn  Cond  STA 
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Teble  VIII-1 


8.1 


Design  Mechanical  and  Fiiyslc-al  Properties  of 


m-t  1.  at  tua.iv 

»V  ♦*w%/i-4W-  «•> 


Alloy 

Form 

Condition 

Thickness  or  diameter,  in. 


MIL-T-4046  Type  III  Comp.  B 

Sheet  and  Strip 

Annealed 

4  .110 


Basis 


Mechanical  properties: 
Ftu,  ksi 


S 


125 


L 

LT 


Fty,  ksi 
L 
LT 

F{»y,  ksi 

Xt 

LT 


:.15 

112 


Fsu,  ksi 
Fbru»  ksi 
(e/D  =  1.5) 
(e/D  =  2.0) 
Fbry,  ksi: 
(e/D  =  1.5) 
(e/D  =  2.0) 
e,  per  cent: 
In  2  in. 


77 

191 

260 

150 

175 

10 


In  k  D 


E,  106  psi 
Ec,  106  psi 
G,  106  psi 


16.2 


Physical  properties: 

,  lb/in. 3 
C,  Btu/(lb)(F) 

K,  Btu/  (hr)(ft2)(F)/ft 
,  10-6  in./in./F 


Figure  8.1.4 


'T*tr*  -f  —-rtr-.rrk-t 


[Strength  at  room  temperature 
:  Exposure  up  to  1000  Hr. 


TEMPERATURE,  F 
Effect  of  Exposure  at  elevated 

temperature  on  the  room-tc rperature 
ultimate  tensile  strength  (Ftu  )  of 
annealed  Ti-4Al-3Mo-ltf  alloy  sheet. 
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rr  I  ::ri  ■  -f :  Strength  at  room  temperature 
IHKEHE  Exposure  up  to  1000  Hr. 

5oo 6oo 8 

TEMPERATURE,  F 

Effect  of  exposure  at  elevated 
temperature  on  the  room-temperature 
tensile  yield  strength  (Ftv)  Cf 
annealed  Ti-4Al-3Mo-lV  alloy  sheet. 


Stress,  1000  psi  Stress,  1000  psi 


Figure  6.1.9  Typical  tensile  stress-strain  curve  fox 
annealed  Tl-4Al~3Mo-3V  alloy  sheet  at 
room  temperature. 


Figure  8.1.10  Typical  compressive  stress-strain  curves  for 
annealed  Ti-kAl-3Mc-lV  alloy  sheet  at  room 
temperature. 
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Table  VIII- 2 


8.2 


Design  i!eoh?.nic?.l  and  Physical  Properties  of  Ti  13V-llCr-3Al 


Alloy 

Form 

Condition 


MIL.T-9046  Type  IV  Comp,  A 


Sheet  and  3trip 


Annealed 


<  .110 


XmCKUCSd  Ui  U1CUUC4CI  ,  1U« 

i  Tentative 

Basis 

A 

B 

A 

B 

Mechanical  properties: 

Ftu,  ksi 

L 

132 

134 

LT 

Fty,  ksi 

136 

139 

L 

126 

129 

LT 

131 

134 

FCy,  ksi 

L 

119 

122 

LT 

123 

126 

Fsu>  ksi 

90 

92 

Fbni>  ksi 
(e/D  =  1.5) 

i 

207 

212 

(e/D  =  2.o) 

Fbry,  ksi: 

« 

286 

; 

292 

(e/D  =  1.5) 

156 

160 

(e/D  =  2.0) 
e,  per  cent: 

i 

174 

178 

In  2  in.  L 

11 

1 

LT 

7 

E,  106  psi 
Ec,  106  psi 
G,  106  psi 


14.6 


Physical  properties: 

,  lb/in. 3 
C,  Btu/(lb)(F) 

K,  Btu/  (  hr  )  ( ft 2) ( F) /ft 
,  10-6  in./in./F 
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Cent  F^v  at  Room  Temperature  Per  Cent  F^u  at  Room  Temperature 


A-' . . i.u.  U... 


Ti-13V-llCr~3Al  alloy  sheet. 


Figure  8.2.2  Effect  of  tempereture  on  the  tensile 
yield  strength  (Fty)  of  annealed 
Ti- 13V- llCr-3 A1  alloy  sheet. 
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Per  Cent  Fgu  at  Room  Temperature  PRr  Cent  FCy  at  Room  Temperature 


Figure  3.2.5  Effect  of  temperature  on  the  compressive  yield 
strength  ( Fcyj  of  annealed  Ti - 13 V- llCr-3 A1 
alloy  sheet. 


Figure  8.2.6  Effect  of  temperature  on  the  ultimate  shear 
strength  (Fsu)  of  annealed  Ti-13V-llCr-3Al 
alley  sheet. 
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TEMPERATURE,  F 

Figure  Q.2.7  effect  of  temperature  on  the  ultimate  bearing 
strength  (Fbru)  of  annealed  Ti-13V-llCr-3Al 
alloy  sheet 


TEMPERATURE,  F 

Figure  6.2.6  Effect  of  temperature  on  the  bearing  yield 
strength  (Fbry)  0f  annealed  Ti-13V-llCr-3Al 
alloy  sheet. 
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r  *i:r  Hi:  :H:  Elongation  at  Temperature: 

-  r:  rrrr  ~ r  rrrr  r:~F:  Exposure  up  to  l/2  Hr. 


TEMPER.ATLTHE,  F 

Figure  8.2.9  Effect  of  temperature  on  the  elongation  (c) 
of  annealed  Ti-13V-llC\r-3Al  alloy  sheet. 


i6o[M  ss  ssks 


S 
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Strain,  0.001  in. /in. 

Figure  8.2.10  Typical  tensile  stres3-strain  curves  for 
annealed  Ti - 13 V- llCr-3/-l  alloy  sheet  -  at 
room  and  elevated  temperi ,t tires . 


Table  VIII-3 


Design  Mechanical  and  Physical  Properties  of  Ti-6Al-4v 


Alloy 


Condition 

Thickness  or  diameter.  In. 
Basis 


Mechanical  properties: 
Pt-u/  ksi 
L 
LT 

Pty,  ksi 

X* 

LT 

?ey,  ksl 
L 
LT 

Psu»  ksi 
Pbru»  ksl 
(e/D  -  1.5) 

(e/D  *  2.0) 

Pbry,  ksl: 

(e/D  -  1.5) 

(e/D  -  2.0) 
e,  per  cent: 

In  2  In. 


D 


E,  106  psl 
Ec,  lO^  psi 
C,  I06  psi 


Physical  properties: 

,  lb/in.3 
C,  Btu/(lb)(P) 

K,  Btu/  (hr)(ft2)(F)/ft 
,  10- &  in./in./F 


MIL-T-90V5  Type  III  Comp.  C 


Solution  Treated  and  Aged 


.188  to  .750 
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TEMPERATURE,  F 

Figure  8.3.I  Effect  of  temperature  on  t 
tensile  strength  (F-tu)  of 
treated  and  aged  Ti-6Al-hV 


8ofjtr~rt 


~ ~ Strength  at  temperature 
Hr,  S  Exposure  up  to  1000  Hr. 


TEMPERATURE,  F 

Figure  8.3.2  Effect  of  temperature  on  t 
tensile  yield  strength  (F 
treated  and  aged  T1-6A1-4V 


an 


Per  Cent  Fty  at  Boom  Temperature  Per  Cent  Ftu  at  Room  Temperature 


200  400  600  800 

TEMPERATURE,  F 

Figure  8.3.3  Effect  of  exposure  at  elevated  temperature 
on  the  room  temperature  ultimate  tensile 
strength  (F^u)  of  solution  treated  and  aged 
T1-6A1-4V  alloy  plate. 


TEMPERATURE,  F 

Figure  8.3.4  Effect  of  exposure  at  elevated  terroerature 
on  the  room  temperature  tensile  yield 
strength  (Fty)  of  solution  treated  and  aged 
Ti-6A1-4V  alloy  plate. 
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Figure  6.3.6 


Effect  of  temperature  on  the  ultimate 
shear  strength  (F.u)  of  solution  treated 


and  aged  T1-6A1-4V  alloy  plate. 
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TEMPERATURE,  F 

Figure  6.j. 7  Effect  of  temperature  on  the  ultimate  bearing 
strength  (F^yy)  of  solution  treated  and  aged 
T1-641-4V  alloy  plate. 
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Figure  8.3.8  Effect  of  temperature  on  the  bearing  yield 
strength  (F^yy)  of  solution  treated  and 
aged  T1-6A1-4V  alloy  plate. 


Stress,  1000  psi 


f 


■  --i.  1J-1.1  nrwwmmmmmmmmrmmmmmr 


wmmmnmmmmm 


3 

V 

I 


i 

I 


i 

i 

<r 

Strain,  0.001  in. /in. 

Figure  8.3. 11  Typical  compressive  stress-strain  curve  for 
solution  treated  and  aged  Ti-6Al-4v  alloy 
plate  at  room  temperature. 
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Table  VIII-U 


8.4  Design  Mechanical  and  Physical  Properties  of  Ti-6Al-6v-2Sn 


Alloy 

Form 

Condition 

Thickness  or  diameter, 
Basis 

Mechanical  properties: 
Ftu  ksi 
L 
XT 

Fty,  ksi 
L 
IT 

Fgy ,  ksi 
L 

IT 

Fsu,  ksi 
Fbru*  ksi 
(e/D  =  1.5) 

(e/P  =  2.0) 

Fbryj  ksi: 

(e/D  =  1.5) 

(e/D  =  2.0) 
e,  per  cent: 

In  2  in. 

In  4  D 

E,  106  psi 
Ec,  1C6  psi 
G,  106  psi 


MIL-T-9046  Type  III  Comp.  E 
Plate 

Annealed 


.250  to  .300 

.500  to  .630 

s 

S 

150 

150 

140 

140 

l4l 

147 

90 

92 

* 

234 

251 

275 

301 

195 

201 

212 

223 

10 

10 

15.6 


Temperature  Per  Cent  Ftu  at  Room  Temperature 
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Figure  6. 4.1  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  annealed  Ti-6Al-6V-2Sn 
alloy  plate. 
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Figure  8.4.2  Effect  of  temperature  on  the  tensile  yield 
strength  (Fty)  cf  annealed  Ti-6Al-6V-2Sn 
alloy  plate. 
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Cent  at  Room  Temperature 


Figure  8J4.3  Effect  of  exposure  at  elevated  temperature 
on  the  room-temperature  ultimate  tensile 
strength  (F^.u)  of  annealed  Ti-6Al-6V-2Sn 
alloy  plate. 


TEMPERATURE,  F 

Figure  8.4.4  Effect  of  exposure  at  elevated  temperature 
on  the  room  temperature  tensile  yield 

strength  (f+vi  of  annealed  Ti-6Al-6V-2Sn 
alloy  plate;'" 
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Tcmpcrsturc  Per  Cent  F^y  &t  Room  Temptreture 


Figure  8.4.6 


400  60C  800 

TH4PERATURE,  F 

Effect  of  tetnperat'ire  on  the  ultimate  shear 
strength  (Fsu)  of  annealed  Ti-6Al-6V-2Sn 
alloy  plate. 
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Strength  at  temperature  ~ 
Exposure  up  to  l/2  Hr. 


TEMPERATURE,  F 

Figure  8.4.7  Effect  of  temperature  on  the  ultimate 
hearing  strength  (F^,^)  of  annealed 
Ti-6Ai-6V-2Sn  alloy  plate. 


TEMPERATURE,  F 

Figure  8.4.8  Effect  of  teraperaxure  on  the  bearing 

Id  strength  (Ftry)  of  annealed  Ti-6Al-6V-23n 
alloy  plate. 
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Figure  6.4,9  Typical  tensile  stress-strain  curve  for 

anneai-u  Ti-6Al-6V-2Sn  alloy  plate  at  room 
temperature. 


Figure  8.4.10  Typical  compressive  stress-strain  curves  for 
annealed  Ti-6Al-6V-2Sn  alloy  plate  at  room 
temperature. 
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Per  Cent  Elongation  (e) 


TEMPERATURE,  F 

Figure  8.4.11  Effect  of  temperature  on  the  elongation  (e) 
of  annealed  Ti-6Al-6V-2Sn  alloy  plate. 
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Figure  8.5.1  Effect  of  temperature  on  the  ultimate 
tensile  strength  (F-tu)  of  solution 
treated  and  aged  Ti-6Al-6V-2Sn  alloy 
plate. 


Figure  8.5.2  Effect  of  temperature  on  the  tensile 
yield  strength  (F^y)  of  solution 
treated  and  aged  Ti-6Al-6V-2Sn 
alloy  plate. 
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Temperature  Per  Cent  F^u  and  Ftv  at  Room  Temperature 
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Figure  8.5.3 


TEMPERATURE,  F 

Effect  of  exposure  at  elevated  tempera 
ture  on  the  room  temperature  tensile 
yield  and  ultimate  strength  (Ftv  and 
Fty)  of  solution  treated  and  aged 
Ti-6Al-6V-2Sn  alloy  plate. 
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Figure  8. 5.^ 


TEMPERATURE,  F 

Effect  of  temperature  on  the  compressive 
yield  strength  (Fcy)  of  solution  treated 
and  aged  Ti-6Al-6V-2Sn  alloy  plate. 
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Figure  8.5.5  Effect  of  temperature  on  the  ult 
shear  strength  (Fsu)  of  solutio 
and  aged  Ti-6Al-6V-23n 
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TEMPERATURE,  F 

Figure  8.5.6  Effect  of  temperature  on  the  ultimate 
bearing  strength  (Fp—j)  of  solution 
treated  and  aged  Tl-6Al-6V-23n  alloy 
plate. 
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Figure  8.5.7  Effect  of  temperature  on  the  bearing 
yield  strength  (Fbry)  of  solution 
treated  and  aged  Ti-6Al-6V-23n  alloy 
plate. 


TEMPERATURE,  F 

Figure  8.5.8  Effect  of  temperature  on  the  elongation 
(e)  of  solution  treated  and  aged. 
Ti-6Al-6V-2Sn  alloy  plate. 


-  267  - 


I  IM.'IIV*  If  if 


AFML-TR-65-213,  "Development  of  Standardized  Test  Methods  to 
Determine  Plane  Strain  Fracture  Toughness",  G.  L.  Hanna  and 
E.  A.  Steigerwald. 

ASTW  STP  410,  "Plane  Strain  Crack  Toughness  Testing  of  High 
Strength  Metallic  Materials",  W,  F.  Brown  Jr.,  and  J.  E. 
Srawley. 


-  269  - 


APPENDIX 

Contained  within  this  Appendix  are  the;  (l)  Mechanical  property- 
working  curves,  and,  (2)  Fatigue  S-N  curves. 

Section  Page 

A.  MECHANICAL  PROPERTY  WORKING  CURVES  271-350 

B.  FATIGUE  S-N  CURVES  351-362 


WORKING  CURVES 


1.1  Ti-4Al-3Mo-lV  Conti.  A  Figures  1.1.1  to  1.1. 13 
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WORKING  CURVES  (Continued) 


1.2 


Ti-13V-llCr-3Al  Cond.  A 


Figures  1.2.1  to  1.2.18 
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A.  WORKING  CURVES  (continued) 


1.3  Ti-6Al-4v  Cond.  STA  Figures  1.3. 1 


-  289  - 


to  1.3.43 


IlMMIMUmll 

iNtHNIIIIlin 


w@»gaga*  aiaaiaaitlBiaaa  BSS 

aaaaa aaaaa  imm  ■■■(■iniiittM  iMMMHiiiiimN  ■aiaiiaiaiiaaaiiaiaiiaiai  aaaaiiiiaaiiftaa aaaai iiaaiM 
■MWMHM«»—  jfWfMt— ra*  8*a8l***aa  8aaai8***B  »—»  »1 

WlUjWm>M»M|«m»intWW— — 1— »»»M»— M— WWfM— f  »— M  -BBB8 BMaa  I 
lapBjninimiiHmmiWMMf  >»mi  >■  w  BiMMnM  »»■  w  wm  »■>■■  MM»  Nw  m—  -um— 

■■■■■■■■■IMi''!!!'!!1  »»*«■  ■■■*•  ■»«■■  mu  mui  imii  iiiMinM  him  nibI  fitniNi  I 

M1KIIMIKIW  WWIIIMIIIKtl  IHMIKBIKIfl  IWM— «l  N«ia 
iwmiMiHnumimniwiimMiiiiiiiiiimwmiKmiKnjnnMl 
■ailiuiii  itiiiMitinina«Mi  MiauaiiM  ■**•«  8*888  imm  mii saaaia  iaai  I 
UaMMHaMHMMMMMiHBlllilHiaWMMMMUlEtll'MIlHHlI 

*  *  m  *  *  8  #»-  ia5wws*«  imm  m  .  *  a  s«  s  »#  ■ e  | 


■  imaiBniiminiMuiiimMiiminiiiaitilmaiiw 
aaaaaaaaaaalaaaaaaaiaaaaaaaaaaaaaaaaHaaaafaaaSaiaaaaai 


laa^H 

■  ■iaail 

■  ■BBBB 


liaaaal 

!■**** I 

I  nail  ■ 
!■■■•■ I 


Ip  g  5 
1 S »  aS« 


***B 

laafia 

Hi 


KX 


s*j 
? * f  a l« 


aaaai aaaa ■ 

_ a  a  a  a  a  *mi  a  a  a  aa  a^H _ 

[■— a aaalaaaaamaia  aaaaa aaaaa  aaa*,a aaaaa aaaaa  aaaaa aaa 

[••bb •■■■■  aaaaa  laiiMiaaa aaaaaaa'.aa NMaiaaU  ruaaaaa 

_  Haaai  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  araaa  aaaaa  aaaaa  -laaaaaa; 

aaNiaMaa  aaaaa  aaaaa  saaaaaaaaa aaaaa  anaa aaaaa  raaaa nni aaaaMIMi 
aaaa* aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaar aaaaa aaaaiaaaa 


■BHHIIaaaMi  ■■ 

■HutaiiiMaaatianHHP 
■aaaa  aaaaa  aaaaa  aaaaa  aaaaa  aiitir 
aaBBiiuaiaiaMMM|M|Ma|H| 


il  i 


litt 


aaaaa aaaaa aaaaa aaaaa aaawa aaaaa aa^aaaaaaaaaaaaaaaaaa 
«|aa  aaaaa  aaaaa  aaaai  iaail  •■■■■  ^aaaaBMaaaaiaiiiaaaa 
[iaaiaaa  a  a  aaaaaaaaaag|aafl|aaaaaaaa|^^^H^^HH 


air rat <aaa 


RBnaal 

■  aaaaa  | 

| aaaaa | 

■  aaaaa  ■ 

1  aaaaa  aaaaaaa— — — i — — — — — — — i — — _ 

■aaaaa aaaaa aaaaa aaaa* *<a*a aaaaa aaaaaaaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa 
■  aa  a  a  a  •  a  a  a  i  a  a  a  a  a  aaaa  .  aaaaa  nm«  aiaaa  aaaaa  aaaaa  aaa  aa  aa  a  aa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa 
I  aaaaa aaaaa aaaaa aaaaa aaaaa aSafia aaaaa aaaaa aaaaa aaaaaaaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa ••■aaaaaai 
■ aaaaa aaaaa aaaaa aaaaa aaaa a aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa 
I  #BiaaaaB**a»«i«  ■■•aaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  umi  •■•■■•••••  ■•■•«■••••  aaaaa  aaaaa  ^aaaaaaaSa 
■  aaaaa- aaaaiaaaa  -  aaaaaaaai  laaaaaaaaa  laaaaaaaai  laaaaaaaai  jaaaiaiasc  nwaaaaui  laaaaiasai  -iaa*a  aaaaa  aaaaa! 
I  aaaaa  >aaaa  aaaaa  -  aaaaaaaai.  *caa  aaa  aaa  c  laaaaaaaai  >:•*■■  iisai.  a  aaaa  aaaaa  aaaaaaMai -liaaaaaaai  saaaaaaaaa  aaaaa' 

|  BBBaakaaaa  aaaaa  kM§a  aaaaa  yaaaa  aaaaa  yaaaa  aaaaa  aaa  aaaaaaw  aaaaa  aaaaa  yaaaa  aaaaa  yapaa  aaaaa  aaaaa  aasaa  aaaaa! 
I  aaaii  iaaaa  aaaai  aiiniiffi  iaaaa  aaaaa  aaiaa  aaaaa  BBaaaaaBaa  aaaaa  aaaaa  aaaaa  SaaSaaKaa  aaaaa  aaaaa  aaaaa  aaaSa1 
I aaBii bb«Sb aaaafe aiaaa iaila aaaaa BaaaB aaaaa aaaai aaaaa bbbbb Baaaa aaaBi aaaaa aaa<B aaaaa aaaaa aaaaa aaaaa aaaaa 
■  aaaaa  aaaaa  aaiaa  aaaaa  b  aaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaa  t  ■  n  aaaaaaa  aaaaa  aaaaa  aaaaa  iji  aaa  aaaaa  aaaaa  a— 

■ aaaaa aaaaa a aaaa aaaaa afea afiiiiaa aaaaa aaaaa aaaaa aaaaa awaaa aaaaa aaa aaaaaaa aaaaa aaaaa iSa aaaaaaa aaaaa al 
|  aaaaa  aaaaa  aaaaa  aaaaa  aiaaa  aaiaa  aaaaa  aaaaa  aaaaa  aataa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  bMH 
■  aaaaaaaaaa  aBaaaiafai  aiaaa  aaiaa  aaaaa  aaaaaaaaSa  aaaaa  aaaaa  eaaaa  aaiaa  aaaaa  a#Qa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa 
■  aaaaa  aaiaa  aaaaa  aaaaa  aaaaa  aaaaa  aaiaa  aaaaa  aaaaa  NaaiaaaNaaBaaBiiSaafiiaaSifiaiaa|aaa||||a|a||Ma|a||aaa 


aaaa  aaaaa  -iBaaBataal 
aaaa BBaaa^BBaa aaiaa I 
aaaa aaaaa aaaaa aaaaa I 


M~«aa  aaaaa  aaaaa  bibib  aaaaa  a  ■■■■*■■■  aaaaai  BiaaiaaaaaBaaBMMMMSSOTBVBOTI 
a aaaaa aaaaa aaaaa aaaaa aaa aaaaaaa aaaaa aaaaa aaaaa aaaaa aaaai aaiaa aaaaa iiaii I 
a aaaaa aaaaa aa*aa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa I 


I aiaaa aaaaa aaaaai 
lBBaaa«aBaaaaaaBB| 
|  aaaaa  aaaaa  aaaaa  a| 


aaa  aaaaa  aaaaa  aaaaa 
■■a aaaaa aaaaaaa aaaaaaaaB 
Uaaaaaaaaaaaaaaaaaaaa | 


SSKSSSKimmmmmmmaHBaBBgBaiffSfffffyffmH? 

jg?ajK::::g:s::g::::a::::n^:gg»h:::u«ua:?::s::ui 

a— a aa— aa  iaaia  aaaaa  aaaaa  aaaaa  aaaaa  aaaat  aaiaa  aaaaa  aaaaa  ■■■■%  iaSt 


a  aaaaa aaaaa aaaaa a 


:ssj 

■  KBS 

■  ■■■ 

■  bib 

Sill 

BBBB 

BBBB 

BBBB 

BBBB 

KM 

Bin 

BBBB 

BBBB 

BBBB 

BBBB 


^^B^wB^^^^Ma»a»aa««»SaaaaaaaaaaaaBBBaaaaaaaagaaiaaaaaaaaaaaaaaaaaaaaaaaaaaRSaiaaafa^MMlaaaaa| 
■aaiaa aaiaa  aaaaa  aiaaa  aaaaa  aaaaa  aiaaBBaBaa  aaaaa  aaaaa  iaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  auaiaiin  aaaaa  | 
Iaaaa iaaaa* aaaai ■■■■* iBaaaaaaa* aaaaiaaaai ■*■******• laaiiaaaaiaaaBaaaaaaBaaaa aaaaa aaaai » -<8*iai**i iaaaa ■ 
|aaaaaaiaaaaaBBaaaaaaaaaaaaaaaaaaaBaaaaaaaaaiaaaaaBaaaBaaaaaaBaaaaaaaaafaaaaaaBBaaaaa.«aaBBBpaa,aBBaaM 
laaaBaSaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaajiBBaa aaaaa aaaaa aaaaa aaaaa ataaa aaaaa aaaaa r-«aa aaiaa aaaaa | 
|Miaii|jyui|iiii|||u|uiniaiiBaaaBiaaiBBmiiniBaiBaBBBBBUiBaiia;aia«ai  aaaaa  aaaaa  aaaaa  aaaaa  iaaaa I 
L|a|||H^H^H^&BBBBBBBBBB  BBBBI  BBBBB  BBBBB  BBBBB  BIBIB  iiaaa  IBlil  IBBaa  BSBU  BBBBB  8811811111  BBBlB 

a aaaa aiBia aaaaaaa saa BaaaaaaaaBBBaaa aaaaa aaaaa aaaaa aaaaa aiaaa aaaaa aaaaa aaiia 

BBBBB  BBBBB  BIBS!  IMU  BBBBB  BlBBI  •  ■■■■  BBBBB  BBaBB  •»■«  11881  81181  aiNBBIMIBBBM 

aaaaa aaaaa BBaaaaBBaa aaaaa aaaaa aaaaa aaa aaaaaaa aaaaa aaaaa aaaaa aiaaa aaaaa isaS 
BBBBB  a  a  ail  anaa  bbbbb  aaiBBiaaii  bbbbb  bbbbb  aaaaa  bibib  bbbbi  sbbBb  lafiaaaaaiaaaaia 
bbbbb aaaaa BBBiiBaBBBBaaaaaaaas BBBBi bbbbb BaaaaaiBiasaaaaaBBaaiiaii aaaaa aaaaa 
bbb  bb  aaiaa  bibib  bbibb  aaaamaas  bbbbi  bibsp  mibb  aiaaa  aaaaa  a  a  aaa  »  mi  bum  aaaaa 
. . .  •«■*■  aaaaa  m-ii  lain  aaaia  BsaaiBina 

aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaaar  aaiaa aaaaa aaaaa aaaaai 

bbbbb  Bail!  mu  aaaaa  laiaiBiiiBaiaiaiiaiB  mu  §a«aa  Bill  layiaaiaaiBBiaiaaiaa 

■  aaaa  bbbbb  bbbbb  bibbb  nan  ibiiibmbi  aaaaa  bubi  aaaaa  aaa  Mania  aaaaa  aaiaa  iaaaa 
■aaaa aaaii aaaia aaaaa aaiiiBaiaa aaaaa bbiii bbbib aaaaa sia aaaaaaa aaaia BiaaiBBaaa 

MBBBB  BBBBB  aaiBB  BBBBB  BBBBB  BBB  BBBBBBB  BBBBB  BBBBB  BlBBI  BI'JIB  81181 11888  8*181 11881 

■  ■•a*  aaaai  ■•••■•■■*■  iaaaa  iaaaa  aaaai  aiaaa  aaaai  laiaai'.aai  aaaai  aiaaa  aaasaiaaaa 

B BBBB BBBBB BBBBB BBBBB BBIBB BBBBB BBBBB BBIBB BBBBB BBBBB riBU BBBBB BBaaaBBaaaaiiiiJ 
BBBBB BBBBB BBBBB BBBBB BBIBB BaiBB BBBBB IBBaa BBIBB BBBBB BBBBB BBaSBBBBf B BBBBB 111 

■  BBBB  BBBII  BBIflBBBBBBBBBBB  BBIBB  BBBB*  »«BBBBlia»IBM  i  BIBBBIBIBB  >  W  BB  baa 
BBBBB  BBS!!  BBBBB  BBBBB  BI8SB  BBBBB  BIB  »«.  B  IB  KN>  B  ■  *>•  BBIBB  881*1  T  BUrMniMM 
BBB BB aaaaa bbbbb bbibb ibbbb bbbbb aiaii iaaia aasaa iaaaa iaaaa aaaai aaaaa r BBaaaiiia 
BBBBB  BIBIB  BBBBB  BBBBB  anil  BBBBB  BBIBB  BBBBB  BBIBB  r^aaa  BBIM  aaaaa  BIBBB  C- BBB  BBBBB 

bbbbb BlBBI bbbbb latBB aaiaa a BBBB BIBS! bbbbb BBaar iaaaa bbbbi aaaaa aaiaa Iaaaa aiaaa 

I  BBBBB BBBBB BBBBB BBBBB 118  8111111818118  8181 IBI'l BBBBB 81188  88111 BBBBB  »  -  BBB BBBBB  I 
■BBBBBBBBB BBBBB  BBBBB BBBBB BBBBB BBBBB  BBIBB  BF IBB BBIBB  BBBBB aaaaa BBBBB I  BBB BBBBB 
BBBBB BBIBB BBBBB  BBBBB  BIBIB BBBBB BBBBB BBBBB 'BBBB BBIBB BBBBB ai*aa 8881*1  '■ 8*11 BIS 
a  aaaa  a  BBBB  aasaa  BBBBB  bbibb  aaiaa  aaaaa  Baar«  BBBBI  aatraa  aaaaa  aaiaa  aaaai  B.-BB«|aa§aJ 
|  BBBBB BBBBB  BBBBB BBBBB BBBBB  BBBBB BBBBB BF^Bf BBBBB BIBBB BBBBB BBIVB BBBBB I  III 
BBBBB  BBIBB  B  8  BBB  B  B  8  I  B  BBB  BB  B  *B*  B  B  B I  IB  V*  Bl  8  H  BBB  IBB  8 1  IS  BBB  |B|a|aMaaM||J 
BBBBB  •BIIBIBIianiaiBI*l<B.IIBBir  ,IINMIIIIIIMIIinn| 

BBBBB  IBBMBBUBIIlIBBaaSIIMIBI-.aBllnillBIBIIBIIIB 

I  bbbbb aasas aaaaa BaiBaaaaaBBiiF^ aiaaa Biaaa aiaaa aaaia al 

BBniBaiBaBBiBaaaaBaBaiBa»r«iBaaaatBaaaaaaaiaiiiMaiMi^^^^H^^^H 
aaaaa  bbbbb  aaaaa  bbbbb  aiaa-  jbibbhik  bbbbb  bbbbb  aaaaa  aaaas  aiaaa  bbbbb  bbbbb  bbbbb 

■  BBBB  BBBBB  BBBBB  BBBBB  I*  •»•■••••■  ■*•*■*■■■■  BMK  88188  BBBBf  BUBI  BBIBB  BBBBB  BSBIB I 

I  ib aaa  bbbbi bbibb  *bbb^  naaaa  bbbbi aiaai bibii aaaai Baaai bbbbi aaaai aaaaa iaaaa aaiaa  I 

■  ■bibb ■■■•• bbibb Br^BBiisiBBsaii ■■■*■■■■■■ •■■■( Baaai Baaai •■■■• aaa n  aaiaa biiib  I 

■  •iaaa  iaaaa  bsb~  :.■*■■•■•■■■  aaaaa  ami  ■**■•  aaaaa  laaai  aaaaa  a*aai  bbbbb  aasaMaiai 

k BBBBB  BBBBB  *-!•■  BBBBB  BBBBB  BBBBB  ■  ■■■■  BBBBB  BBBBB  BBBBB  BBBBB  B  BBB  B  »  .  ■  ■  ■  B8IBB  BBBBbJ 

I^H^nMBMiiB  aaaa  ■  aaa  bb  a  bbbb  aaaaa  aaaaa  Baa**  aaaaa  aaaaa  t  iaaaBa«M^ 
hiia  a  ai  iiaai  aaaaa  a  aaa*  a  aaaa  aaaai  aaa  aiiiaa*  aaaaa  iniaaail 

B— —————— —a  iaaaa  laaaiaaiaaiaaii  aaaai  aaaia  aaiai  aaaaa  aagaa  aaaaa  aaa— —1 

I aaiai laaai ibiii aaaaa iii*^ aaaaa iiaai aaaaa aaaaa iaaaa ■ aaasiaa^a aiaaa iaaaa laaaaaaaai 1*888 aaaaa aiaaa aaaaa I 
| ■■■*■ iaaaa aaaaa waai iaaaa iaaai aaaaa aaaai aaiaa aaaaa aaaaaaaaaa iaaaa aaaaa ibbbi aaaaa aaaaa aaaaai 


■  bbbb 

■  ■888 

■  am 

■  bbbb 

■  ■BBB! 

■  ■■»• 

■  bbbb. 

■  ■BBB 

■  ■aaa 

■  bbbb- 

■  ■■aa 

■  bbbb 


Hi 

~  *^8 
"  *43  8 -3  s 
5*s  -1* 

!  li  i!j 

ill! 


aa  aaaai  aaaaa  aaaaai  ^aaaaaMH 
Umaiaiu  BBaaainaaiuiil 
Ba*aa  aaiaaaaaaMMHHMfl 


B555n?Snw!SnSHnSS«KK«ti!KfninSK«8tKg 

lania  I  >8  BBBB  8Sal  •■■■■  ■■■■■  BBBBB  ■■■■■■■■■■*■■  ■■■■■!■  ■■■■■■Ill 
|bJ>  I B  I  *  I  BBB  ■  ■  ■  ■  8  B  B  BIB  ■■■■■■■■■■  BB  ■■■■■■  BBBBBBIB1  BBBBB  ItWml 
. . . 

I  ■■■■«>■•■•■■•■■  .'■■•■(•Bar  iaaaa  aaaar  .-iaaaa  aaaar  iaaaa  laaanBBMiaaar  18  ■■■■■■■ 
I I8ISC  -  aaaa  avaat  .•■■•  laaar  iaaaa  aaaar  .- 'aiaa  aaaai  iaaaa  saaar  iaaaa  aaaar  iaaaa  iaaat  : 
I  a  ■■■*  ^aaai  aaaai  ^asaaaaaac.  jaaaa  aaa  at  jaiaa  aaast  aaaai  aaaat  aaaai  aaaat  j  laaaaaaaai 

■  ■*■•■ ■•••■ bbbbb aiaai ibbbi ■•■■■ aaaai aiaaa  aaaaa  aaaaa iaaaaaaaaaaaaa|a|i 

I ■■■■■•■■■■ BBBII B888IBBB8BBBBIB 8888B ■■•«■•*• 88 BB8BB BBB « 

■  BBB  IB  B88  8I  ■  B  ■  B  ■  ■  8— ■  I  8  BBB  »■■—  BB88B8B88B  88888*8  l  kl»' 

I  ■••■•  bbibb  ■■■■■■■B*BaBiaiB8*aaasBBSS*#«a*afaiia.>8«L<a*B| 

I ■ BBBB BB88BBBBBB ■■■•■■■■■■ BBBBB BBBBB BIBBS  18*88  B88BB  BlSSj 
|aaaaaaa|ai  ■■■■■■■  aaia  iaaa  ■■•■■■•  bbb  bbb  as  B*a*a*aBa|aaM 

ll  ■■•■■■■  (IB  It  BB*  8BIBB  ■  8888  BBBBB  BIBIB  Mill  BBilH 
B  BBIBB  BlBBI  lUmuNNUKKIlHniNKaNlfli 

aaaaaaaaMaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaBBima 


I iaaaa laiaaaaaaa aaaaa iaaaa iaaaa aaagi aaaaa aaaai aaaaa aaaai aa ail  1 

iHSRSiiSiiSffiSKURSssffiSRasiaanssa 

I ■ ■■■■■■ ■■■ ■■■»»»■■■■ iaaaa aaaai aaaaa iaaia iaaaa iaaaa iaaaa aaaai  I 


I iaaaa 


aaaa  ^aaaaaaaat  Jiaaa  aaaat  qaaia  aaiat aaaai aaaat oaap  a aaaat 
aaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaai  iaaaa  aaaaa  aiaaa 
■aaa aaaaa  aaaaaaiaaa  aaaai aaaaa aaaaa aaaaa  aaaaa  aaaaa iliai 


sssly 


••■■■•uiaMMauaBi  bbbbb  hhiIiiu  mmb  iiMium  hii*»i«m  ■■■■iHiMiniki  MMMZSS«ii555isiM— — H 
■■uiyNiiHiMiamimiHaiiinmiHiNmiliiiiMiiiiaHBiiiiUBnHmnuiMMiiiMMNHnaui 
niMMniiuiiiiiiiiivaiuiiiiMiiiMiiNMiHuiiiiuiiraNiaiimiMfuiiaMHHiMaHMiini 
MaikiMtiinHiiaiiMtniMiHiiHMMflii  mkH—iatwiMMaai— «»— »i6i— — attiinraiWi _ 

|B8bb§bb  iliMMUMtaMMBkfiMkwi  — — i—#aii»f»>i  iiaamiftMiiSM  wimmmwmSm  a— at-t—  w»mg:--.::: 
- MMMMM— Ifl - -»■■«  5— ii  iSiaataaaaiaaaa  fca^ijS-w, 


••Mai 

■■•••I 
himI 
•Mall 
bbbbb  I 
•aaaa I 

iMiil 

«■•••! 


■  •■aal 
•••aafl 

bbbbb ■ 

»:::| 

B— a«afl 

— bbbV 

aaiaa  || 

'•asm 
Bbbb— 
iMail 
1  •«••■■ 
■  ■Mil 

■  ■■•■I 
•  •■••■ 
bcbbbI 


SB  8 si 

far  its 

li : ! 


———————————— Ibbbb  aaaaa  bmmb  aanalxa iiMMi 

tail  w  jiiaMiiiaiiiiiiiiaaM  hmimmi  •■i—iaaHiiiii* 
■■■■■■•■a  ■Mna&ManmiitiiiiiMiiiniMuuMMMMit 
■inaiiMNutiuaiNiMiiiMHmiiiiiiiMMMnMNNii 

[•bbbb  am  bmm  him  •••■■  ntsamM  ■■«;  ■••«•«  mmnm  mmmm  m 
(••a  MlMMaia  MUM!  uaNaMiamn  bbbbb  him  MMM  bmm  m 
iHiitlwiimiwiawMiSMiBaBiMaMiaiHWHiaaMBi 
kuiMnimaiHuimintnHNiiiiNnNiwifNvJii 

UMwlHwiHHiiaiunfldmiiBfiiMBitMiaMruitB 
biiiwtiiuiHniiiiHiMnibnNHi  •«§■■■  bbbb  bmmm 


a  CSSS 


:&» 


gjfggSMaSMagMgMCSSSSS! 
— — If  ■  bbbb— M— i 


VSaaSSSaSSSCSSS 

iwaiMiMHim 
mmhm  aim  •»> 


na  aama  —fa  mil  mwiHHaiWB  him  a— a  w'jinm  M#m#  mmmmmmm  m 
HaHifimiiiHiianMHniMiMiiiiiiHmiiiaiMMiinjni5» 

mn — — — > — I — | —  MB— a  •HHIWH 

HHWHMiwawmMWCMi 

kMWHJjgll  BMM  •MBMMia  IBK^ 


a  um  if—  a—aa  b^bm  a— «a  aw m  a—11 
■BiiiiaitMiMUiaiiiMmaaBiMwiM 
iBMiaiBlMifiiiiBiMiaiiBaaamBiBM 


aaaaaaaaaiaaBi 


W|— attiaa 
—  naic 


^ —  a 

aaaa  aaaaa  aaaaa  maa 

•aiHilMuaaiitiil— I— — — — R 
pa  a  I  aaaaa  mbbi  aaaaa  niai  inii  aaaai iiaar  I 

baimtMiuiiimiiatnMMiiiinHird 

■iiiaiNHinnaHHMBiuaiUlllllia— 

«»  *  »«««»  as  «•«  aaaaa  *m— 1 
■aaaaaaaaaaaaaaaaaaaiil 
[■mi  aaaaa  aa  a  aa  aaaa  a  mb— I 

—MaaaaaaaaaaaaaaaaaaaaR———V1 

Maata  aaaaa  awa  aaaaa  aaoaaaraaa  a— a  a  aaaaa  I 
■hMiiiaa  aaaaa  niamna  r.aaa«  aaaaa  iaa  ail 
niiMtiaai  aMM  naaa  aMr.  bmm  atiu  mbm 
a  ti«Ba  BBBBiMaia  bbmb  w’^a  aaua  ibbm  m«a 

■l  mu  INI!  !«*(■  HIM  '  <HI  Nlllliin  IUhJ 

fctaaaa  aaaaa  aaaaa  aaaaa  aat^-aaiBM  aaaaa  aaaaa  — ■ 

BM|a  IIMI  MIBIBBOI  tv4«a  aMBIIMM  tBBBl 

i  i  aaaa  aaaaa  miH*  *a*«a  aaaaa  mat  a  aaaa  wsaitU 

^—i  aaaaa  aaaaa  a^^aa  aaaaa  aaaaa  a  aaaa  aaaaa  aaaaa —PB 
aaaa  aaaaaa  «»>•:  aaaaa  aaaa  a  aaaaa  aaaaa  aaaaa  aaaaa  bmm  * 
faaaa  aaaaa  7 -mb  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  a 
■a  a  a  a  *  z«*  Mm2  aaa a  I  a  a  a  aa  iiaa  a  a  aaaa  aaaaa  ••■  aa aaava  m 
aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  Bilal H 
aa»T ^a aaa a aiaaaaaaa •••••■■•■ a aiaaa aaaaa aaaaa aaaaa aaaaa  9 
.mm ••  aaaaa  alaaa  aaaaa  aaaaa  aaaalSaaaa  aaaaa aaaaa »m— — d 
iaaaa  aaaaa  aaaaaaaaaa  aaaMaaaaaaaara  aaaaa  aaaaa  taal 


a  aaaaa  aaaa  •  Smmm  aaaaaa : 
aawHi  aaaaa  bmm  aaaaa  i 

isgsagachi 

■■r-M'  al 


sass: 


aaaaa 2 
•aaaa  a 


;;;a 

bbbbmI 

!as 


sssr: 


■aa 


Baaaa»aaaaaSaBBBaaBiaBaBaaaaari^^^^^^TSaaaaM»a»SaMaaaSIS5SlBM  , 

aaaaa Baaaa bbbbi aaaaa aaaaa laaaaaaaaa Blaaa aaaaa aaaaa aaaaa aaaaa aaaaa  _ 

;:c;  ssss:  ss;::  sssss  sen  hss:  strssnsn  sen  sfiB  Bn  arc  cc: ^ esc 


^■ibmiiimibbbbimhbbbi  — 

— —•»•*»*« aaaaa  (■■«!  aaaaa  aaaaa  aaaaa 
aiiia  la  aaa  aiaafl  aaaaa  aaaaa  mbbi  aaaaa 
aaBBaMMaia— aaaaaaaaa— a—a— a 

K^^Ha  B  BB 


aa  aaaaa  aaaaa aaaaaaaaaa aaaaa  aaai 
taiMBi  aaaaa  Baaia  aaaaa  aaaaa  a— 
a  a  a  — — 


la  bbiib  aaaaBB  bbb  bb  bb  bib  sbbbb  bbbbb  icbi 

— — a  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaaaaaaa 
;Baaiaaasaia«Ba>BBBaaaaatfiBaBaiaBaa|— a— ai |— — — mm— — | 

a b a  bb  a  aaaa  mm— mmmm— mm— J 
■laiaiaaaB— — — — 

aaaaa  aaaaa  Maaaiaaaa  aaaaa  atan  maaaaiamaai  iim  aaaaa  aanaaataa  aaaaaa— 
aiaaiaaaaaaaaariBaaaaaaaMaBBaaaaaaaBaaaaaaaaaaaiaaaaaaBaaaaaaaaaaaaaaaa— 


P— —————— — aaaaa  a  aaaa  bbbbb  Baaaa  aaaaa  aaaaa  i 

————iaMaiiiBiiaaBBaBaialaaiiaaaalaaaaiaiii  aaaia  aaaaa  aaaai  aaaaa  BaaaMMwaa 

ai aaaaa aaaaa  aaaia  aaaaaaaaaa aaaaa  aaaaa  aaaaa  Mia  a  aaaaa  aaaaa  aaaaa  aaaai aaaaa  aaaaa  aaaaaaaaaa  aaaaaa 
Ha  aaaaa  aaaaa  bbbbb  imh  aaaai  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaa«aa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaia  aaaaa  i 
aaaa aaa aaaaa aaaaa aaaaa  aaaaa bbbbb bbbbb bbbbb a aaa a aaiaa bbbbb aaaaa aaaaa aaaaa aaaaa »  taaa iaaaa aaaaa  I 


Eiiibbib 
fa®  bbbbb 

laaiaiaam 

Biiaiami 

jMaaiaaaaa 


aaaaaai 
bbbbb  ai 

aaaaaai 


LCSaaSSai 

HKbbbbbI 

laaaaaaaaaa] 

bbbbbI 

■  BBBB 
aaaai  — 

■aaaa aiaaii 

aaaaa aaaaa  i 
BaaiaaaaaHl 


»Baaa  aaaaaai 

—ill  Baaaa  k 

BbBBB  BBBBB  Bl 


BBBBB 

aaaaa— 

aaaaaaai 


aa aaaaa aaaaa aaaaa aaaaa aa 


aa  aaaaa  r:maa  aaaaa  aaaa 
aa aaaaa iaaaa  aiaafl  aaaai 
ium um luui a  aaaaa . 

■—aaiaa 


1  aaaaa  aaaaa- 
a iaaaa aaaa a 
BiauaiBMB 


Bill  ■bbiiiibii.ibbb^^^^^^^^^^^^— 

. . . 

imm  aBiiaiUBB  saaaa  . . . . 

Baaaa bb aaa bbbbb bbbbb aaaaa aiaaa bbbbb bbbbb aaaaa  \ 

■bb ■■ ■■■■■ aaaaB aaaaa aaaaa aaa aaa laaa aaaaa aaaaa 
isbbiiibbb  bbbbb  aiMi  uiaa  laaf  I  bibbi  ■•••■  aa||d 
a  aa  a  a  a  aa  aa  a  a  aa  a  a  a  a  aa  aa  aaa  bm*  a  aaMMM—M 
— lifciaaaMaa  aaaaaaaaaa  aaaaa  MMi  aa— ————————— 

Im  bbbbb  bmm  mbm  bbbbb  bbbbb  MBM  BMM  BBBBB  BBMB  '>■■■■  r  .IHBIIMI I 
j— |  aa  na  •«••■  *a»B«  a a»BB  aun  bb«m  mbbi  mbm  iaaaa  aaiaa  nan  bmm  i 
— niunHiiiHi  aaaaa  aaaaa  Baaaa  aaaaa  aaaaa  aaaa'.  aaaai  a  aaaa  aaaaa  i 
ibbbb  MBBaaBBBfl  BaaasMM— MM——— i 

HHH—I  ■  a  bm  a  a 


■  BMMIMaiBa— 
a  aaaaa  aaaaa  mmb 

■  nBI’BBBBMBBBa 


8bbb  bbbbb  bbbbb  am BaMBBaa.5aB^^^5SMMSSS^Sn^fl 
iBaia  iBiBiinMnan  ibmi  mta  biiibi  it 

NBMflaialBBB8BIIBB IBBBnitl I |BBBB IBBIB IBB«I  ita 

iaaaa  aaaaa  aaaaa  ■>■■■  a  Mat  aiaaa  KhiSbbii  mbbt< 
iaaaa  aaaaa  bmm  aaaaa  aHiifmBiBm  HtMiir^  Baa—  iaaaa  r.>M  -aaaaa  BMaal 
iaaaa  iian  aaaaa  aaa  aaaaaai  iimiiHi  aaaaBiavBB  imi  aaaaa  t -we  aaaaaa  aaaaa 
■MaiBBiB  aaaaa  aaaai  aaaaa  aaaaa  iinmiM a^aaa  aaaaa  aaaaa  aaaa;  aaaaa  aaaaa 
ii  at  aaaaa  aaaaa  aaaaa  aaaaa  Bsaifeiiiia  aaaaa  aaaaa  aaaaa  aaaai  mbm  aaaaa  a  a  aaa 

BBB  MBBI  MBM  BBBBB  BBBBB  MMB  BBBr  B  BBBBB  BBBBB  BBBBB  MM  TMBII  MBM 

IHMI  BHil  BBBBB  MMB  itkU  MBM  BI^BB  IBBailMM  BBBBB  BBBB  ‘  BBBBB  BSBMB 
•  nil  IBBBa  BBBBB  IBBBB  IlMlimi'IIBI  IBBM  BMM  IHN 1MB  -  IBBBB  BBBBB 
BBBBB  BBBBB  BBBBB  BBBBB ■ BBBB  MBBVBBaBB  BBBBB  IBBfis  BfMSBBBB  ■  BBBBB  BBBBB 
■  i BBS  BBBBB  BBBBB  Mill  Hill  BB' BB  toBIIIBlBI  HIM  ■■■■■  BBSS-  BBMB  BBBBB 
■iiiiniBaiaiiaaiiiaiiiBa^MiaaBniBMMiaaaaaiBiMM  •■Minm 
•■Ma  uni  imh  aiiiiiair^  !■•■■  aaua  uni  imii  amir  hi  'ftnaiisii 
•aaiiaaiii maa ■■■■■  iriiasiiia imbi maa mibi mbn 1 1 aa  iMiaiaui 
(•aaaa  aaaaa  aaaaa  bbbb^  aaiaa  mbm  aaaaiaaBaaaaaiiaBBaB  ibm  .aaaaaaaaaa 
iaMi  aaaaa  mbuiisirmiii  aaaia  aaaaaaaaaa  him  aaaaa  ■■••->■•■■■  aaaaa 

MiNiiuiaBMi^maniiamBaMMiMMiMBBiBmaisiiiiBBUBUBil 
MMaiMiai>««MiMMMiiiiM  ■■■■■  bbbbb  iMHiiiiimaaioiiiiaii 
•MMiiaaB'^MiiMniminMiiBMiiiiMaiBBiMMiiia—aiii— |i 

iBBIIU'.IIIIMIIUMIMUIflllliMMIIMIIIIIMMIMBII 

MgBBSMMaaaMaBBBaaBMaMiMMMaaBMaBMaaMMBM 


IiRmiH _ 

mmb— Baaaa  aaaaa 

yiMlinfiBBIB 
[■■*■■*  ifl|Ma 

■— — — — bbBbbbbi 
■  mi . . 


baaai aaaai » 

ggfegscici 

BUM  MBM  Ifiafi 
liaaaaaaMf  — 
l«|IIHMtiM«aB 
jHanmuMiii 
•iBiaaaaBiMaaii 


— la#  a— 

■aaaaaiaBf 
MBM  BMM 


MB  ■  BBBB  BBBBB  BBBBB 
IM  BBBM  MBBI  iMaa : 


••  BBBBB  BM 

.  — utiiaiMa 


BaSSajSaa 

. . . 

UnaaiBBf  uMiaaiiii  'taNiiina 
.  mniiMBt.iMtinin  Bmiiimi 


MMMMM 

issssa 

BBBB  ■  MMB 

■  a  •••  ml 

•  ••••  BB  j 


Mill 

MBM 

BBBBB 


r  Miuimii 

LJMIIIBNI 
B  BBBBB  BBB  SB  I 
|— MB  BBBBB 


— — ■— B! 

BBBM  BBMB  | 

BBBBB 3 


:::: 


_ _ —MM  Mill  BBI 

I  if  mimM— mb»|bb|»b— »■»— — | 

csss  see  ssss css!  css:  ccsccH 

M«3BaSSft^BSMBSSfiiSflflWISfMMfifl 

BBBBB BBBBB BBBBB BBBii BBBBB BBBBB BBBB* BM 


MiuiHN  . mi . .  bb— a  iitmimifiiiiiniiiiMiiini  ■•■■■■mm  BBBSBasaaaa— a— fl 

iMiaiuiiiiiiiiaiiiiidiiiiiiiiHiiiiiiiiarMiiiiiiiiniiiiiiiiiiiamitiniiBMiiMiiiiMiMniafiil 
tuifiiinntiuHmiamniiaianaaiuiiBiMaBUiiaHaiMMainiaBiimBiNBMaMatMitlauBiNinl 
iiaaia«aiiaaaaaiaiaiiiijmaaiiHiMiaaaaaaaaaaaaaiaaaaa»aalaaaaaaaMaaaaaaaaMar«iaiaaaiaiaaaaaMaal 
aaaalMaaaaf  a aamM— > ■aatnaaaaaaaaaaaataaaaaa bsbbbbb— —— —/  nuMiiiMatuvaM 

. . ■■(^^^^^^^^^■■n«itiitiaiii(ifaiMiM(i*aaiaaniMaai  iimuuIuiiiiw 

iii4iiimaiiiiiii^V^^^^^Himiiitiiiiiiaiiuiiaiiiait«iuMa»tia<.jiiiiiaiiinaatf« 
m»iiiiiiaaaaiiiii^H:^^^^^^HaaMaia«iMiiaiMiiiaaaMiiiaiaiarti«Maiiiaiiiaaiaa«»aM» 

aaaaaaaaa>aaaaaa>aaatataaaM»aamwMti  m»»mm«h»m»w> 

•■bitaaimaai  sbb—bb  s—  bssbbbsssb  bbsbbb— ass— ssasasa  iMKina«Mfaiiiii< 

laiaaaMiaaaiBBaa^B'^^^^^^^laiataMitamuaiaaamaaBBBaiiinaafaMmMaamiitMaaaM 

StaBBiBBBiiuiBBBi^BI^^^^^HaBniaaaMBBBMBiBNii . . 

PI>B»aBIB»llBBHBBBI^Wy^^^^^MBaBBIB»ai<iBBMBBBBB>»iP»BBBBlB*aMBa«»l  •  «««(IMaB  IMMMBBal 

. . BtBBBtfM^HTf^^^^B . MiltlBtMMSaMkUIB»Bt^l.lMIMI  U«BIb«M  BBBMBS— ■■ 

iBMiBHBiaBBSBi.inaniaaiBBBilatMiMBaaw 

BaaaiS^V  'f  ^^^^^■aBMiBBiaiMBta  bbbmbbbbi bbbsb  uinm«nu«iibb(ii Man bbHV 
aaaiaaaaaa—  lawaiaiwaa— t  — a— bb—  iaaiaai  mam  a— 

_  _ _ _ ,  _  r  „  .  IMaaaaaaaaaiaa— aaiaaMaiaataat  a— taaattaBaaBiaBaaajawa aatil 

taaBB(«BaSBBIIB«B*B^V  »  k^V^HBallllBlIBBfltlBIkiaillUBSIUlBMMIHMaaMHBBStBBaMUMt 

BBlBBBBBBIBf  IIBBBBfldtB  l  IBMBrtBBI  BBIIB  BBIBUBKI  »Ba«i  BB«*((feM««M«l  iHBIBBBtllHBB 

BBBflBBBnMIBBIBBBBlZiBl  *  ,T  B  B  ■  B  B  B  B  ■  B*  ■  B  B  BB  BB  BB  fit  8  B  B  B  B  8  •  .■  8  B  BBB  B— IBS  BBS  —  B  SB  B  B  BB  B8B  B«U  B 

{■ap— — BBBaa—S  —  —  l^^^d  Bd  BBBBB I BI8IIMU  BBBBB IBMI  B— II  SBSSB  — B  — B—  1(188 MBB* SB  BBS 

|b  —  B  — —  BBBB—BBSsMi^H'  H  <^^P8  (a  BB  •  B  BB  ■  I  BBBBB  ■  B  B  •  B  B  B  BB  BB*  BB  B  B  BBB  BBBM  •  *•»!  ■  BBB  B  BB  BBB  BBBB  B 

aaaillHBBBBIIIBMad  V  »  Ml  -  BBBBB  BBB^IBBfli  BSIkl  BBBBB  SB-BBS  IBM!  BIMI  '  MliIBBHHiBI  I  BBBB 

BaaikiaillBIBIBIBBBH-H’  ■  B  BBBB  BBBBB  IBBBB  BBBBB  IIBBI  f  BBBB  BBBBB  BBBBB  1881  -  BBBBB  BBBBl  BMM 

lBBIBIBBB|BIBBIBBnM;H  (^■flBIIMBBBBnBlIlBSBaiBBai  iBBBB  BBBBB  BBBBl  BBBM  B~BBBB  BB  BBB  B  BBBB- 

aBBaiiBBHaaaiiaiii3M  .  MJ :  T^Maam BaBBikaaBB ibm' Baiar  aaaaa sis— Hiit  —  —  • Mita bbbm b— #b 
BBIMaBBBMaBBBaaaiiflH  .  I  ^■HBItnU^BUHIIDIaBBrilNIaBIHBBMMNMIBNHIfMUaBBB 

■BBBBaaiBaaaiknatBi^Bf  *  Vf  ^■KamyiBUMi ibbbbbbb jBBaakaaaBBBiBBti am  taaMMiMBBiaa 

liaBBIBBUIBUIBIlBI^Ba  'M§  ^^MlBBaufaBa  BBBBB  —  IBB  —  iBI  —  BBS  BBBM  88M  IHI  llltllMMlMN 
BBIBBIIBBlkBBBIIMa^K  .MT  B  BB  BBBB  BBB  B  BB  BB  ■  B  BBB  9'j  BJIB  B  B  BBB  HBBIBBBBB  «  -  «»BW»BMBMBBB 

■  ■BBMIBBBliBMIBBBB^H,  I  ^TMlBBM— BBBBCBBBBBt  ,»>M»B»<I»B1>«  »»■*  '  M»  >B»il»Wt«BMM 

BBBIBiBBBIIB . P  fMlBBO  BBBBB  . .  «  imM  BBIMBNUBOM 

aaBBaaBlllIBBBIIBIB^M  H  ^ImBBI  HBBIBBBBI  IB'iUlBBI  MHBIBM1WBBM1BI  BBBH^U«i*M 

BBBBBIBiaBIBlIBBIIB^B  iLMmf  BBt  IB^BBBB  B^-BBBBBBMBBBM  BMUBBtBBW  B  BB  B  BBWBBB  IBBBB 

. BBUBBIBBaiBiai^M;  gMlUIIIWWMBI>*BB««BB«HBU»BllBBBB«t»IBBM  BB  BBB  BBBBB  IBBBB 

BBBBBIBBBBIIIMBMli^M  B#B  B  B  BBBBB  BBB  r  4  BBBB  B  BBBBB  t— BB  MBBB  BBBBB  BBBB  -  S— BB  BBBBB  S— — 

. . . . ^MjLLLMb  BBBBB  BBBB  WUBBIBUB  BBBBB  BBBBB  IBBBB  IBBBB  ■  BBBBBM  WHWMMB 

BBBB . HBBBBBBBll^^M^^^^^^M»BBBBBBBBirBWBBBBBBBBB»BBBf  BBS— B— BBmBIBBMBB— BBBBBBB 

BBBBB  B  BBBB  BBBBIBBBli^^^^^^^^MBBBBBBBBr^BmBBBBBBBBBMWitBBIBII  BBBBB  BBB  BB  BBBBB  BBBBl  BUM 
BBBMBBBBBIBBBBBBBBB^^^^^^^^^M»IBliB»-.B»BBBBB«BBIBBaBBBIBW<|BBt«MBBir<BMMBi«BBB1BBB 
BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  --BBBB  BBBBB  BBBBB  BBBBB  BBBB# BBBBB  IBBBB  »,  «B|BlMBI<|Bnil(H| 

BBIBBBBBIMBBBBBBfBBlIPHIUllfWniiMB  BBBBB  BBBBB  BBBB  BBBBBl tWBBBBBBB  BBSBP;-  — B  B  B  BBSS  BBC  B  IWl  1 

BBBBB  BSB BBBBBBB BBBBB  BBBBBBBBBB  B  BBBBBBBflB^BBBBBBBBMBBIBBBBB  BaBWHBIB  BBBBBBCWBttUBtBlB  BUMMilBl 
BBBBB  BBBB  BBBBB  BBBBBB  BBBBMBBBB  BBBBB  BBBB^IBBBIHB  BBBBBBB  BBBBBBBBBB  BBBBB  BB  BBB  BBWB  BBBBB  BBBBBBBB8B  BBB  BB  ■ 
—  BBB— BBSBBa—B —  — BBMBBB— SB  —  —  BBB I BIBBBBBBBB  BBBIIBf  BBIBBBBt  B»m  WBBI BBB1IB  BBB  BBMI  WbIb  i 

BBBBB—  BB— IBB  8— BB  —  1»  BBBBBB— ^<BBBB—B—BB—BB—f— BB— B— —  — >  —  — B— — — — — | 
BBBBBBBBBBBB— Bfclj  BB—  B  B*SBB  BT>— BBBBB  BBBBB  S  —  BB  B—  BBBBB—  BB  —  BB—  BBB  —  BMMBMBI  SB  —  B  ■— B 8  BBBB  ■  i 
BBBBB  BBBB B BIIMBBBB BBBBBB BbBBB  BBBBBBBBBB—  BBS  BBBBB  S— SB  BBBBB —BBS  — g— BB— I B— is  BBB— M  — SBB—  —jfji 
— B  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BSBBB— BBBBBB—  BBBBB  BBB  IBIBBIINM  BBB— B— MBIBBBBBmBBM* II— I  I 
BBBBB  BBBBBB— BBBBPBBBBB— BIBB  BBBBB— BIBS— BBB— BBS— B—  BBBB—  ■»— BBB—  — »  BIB—  —  BBS  BBS—  I—M 
BBBBBBBBBB  BBBBl  IBBBB  BBBBB  BBS  —  BBBBB  BBB  BBBBBBB  BBBBBBBBBB  BBBBB  *MIB  bBbBB  BBB—  BBBBB  K  —BBB—  tllBfBtt 
BSBBB  —  BM  BBBM  BB—f  HMIIllill  1IIMIMII  IIIIIBBIBI  IBIMBBIBt  1  BBBB  BBBBl  IUMIBMK  tMBlHMIuiMI 
BBBBBBB— BBBB— BBBBl  IBB  It  BBBBL.  1BBIIIIMI  ifllBIIBIBC  <  BBBB  B  B  IBI.  t— —  BBBBl  IMBBIBML  ^HMBBuhlllB 
BBBBB  IBBBB— —  SBBB B,  .1— —  BBBBk  WSB— is— HB— B  —  BBB.  UB  —  I  BBB  BW  —BBBBBB  Bl.  J— BBS— —  B—  BBBBBB— BB—i 
B  —  BB—  BBB  ay  BIMBIIBittUlBBlW*  BBBB— ■  IBBBB—  BBBBBB—  BBBBBBB—  1— —  BB— —  BB—  B  BBBB  pH— BB— —  S 
BBB— BBBBBBftBliiM BBBB—  — B— —  BBBB— BBB—  BBBBB—  BpS—  BBBBB B— BB  — Bis  —  BBB— B BBB— B§B—  BB— B  B^^M| 
BBBBB— BBBBBBBBBB— BBBBBBB— BBB— BBBBB— B—LBI--*  If*  •  SB— S  p— B— B— P  P— SB  BBB  B— BBB  —  PBP  BB  1 
BBBBBBB— J—BbSb—  —— BBBBBBB  BBB  BBBB— B  gfc—  BBBBtlH  B—  BBB—  jj— BBB— —  BBSj  bSgB  ■  B— SB  —  B  —  B—  MSI 
B— BP  BBB  — BBBBBBB— BBB— BBBB— B  — BBBBB  — BB—BBiBBB— BBBB— BBMB»fBt#BBB—BfBBi^B%BBBBB—B——ttBiil 
BBB  BBBBBBB  BBBBB  — —  ■  BBBBB  BB—B  BBBBB —BBB  B—B  SBBB8  BIB— BBB—BpBji  S#»M  WB  ■ —<HE«  B—  BBB— — — (g 

IB— B— BBBBBB—  BBBBl  IB— B  B*BB  BBB—  — BBBbWBTb—  BBB—  B— — —  bIb  — jifc—  —  MaH— j  Bail  BB—BB  BB— j  I— B  I  ■ 
BBBBBBB  — —  BBBBB—  *  —  —  IB— I —  BBB IIB— —  BBI  —  — B— B— Bl— ■  — — B  SB d— BB— S —  BBS  B— B  1 

BB  — BBBBB  — BB—BBBBI—B— BBBBBB  — BB  BBB  — BpBBB  —  B— BBBBl  BBi— BBB—  Bg#B  j  Bf#— BBBBtlB—  BBS— B— 1 

BBB  —  —  BIBBBBBf  BB— BBBB—  —BBB  IBBBB  IBB  —  BpB— — B— B— — B— — B— bMb^ —4— **■— B— —  B— «  BBBM  » 
IBBBIIB  BBB  BB—j  BB—BB —  BBB—  B  pSBB  —  pBS  BBBSl  —  BBBBBB—  — B— BB—  BBB—  pp  *Bf  jg»*B  —  t— —— B  B*B— p. 

BB—fB —BBS  B—— —BBS  BM8B  B^gM-m— BBS— BB—B— B—B 


B— BBS  BBBBBBB  — I 


— B— BB—BB  B 


IBB —BBBBBB— — BBB— — — — S^C— BB BBBBBBB— —  —SB— BBS BBS— 

BBBBBB#—  B— B— BB  — B— B—  —BBBBBBB— 3»  BBBBBBBBBB  —|b3b— —  — —B—B— SB  BBBBS  BBS — — isdji 
fi  — —  —  B— IBBBbSbbBB  BB  —  B  BBBBB  SB—Bf  SB— BBS— — B  — — hS I  BIBBS— S—BS— BBBBBB— BBBBBB—  B— Bl 
Bt— B— BBB— BBB— iB—B—B—pB  —  ipp— —B—BB  —  BB  — BB—B— BBBB— BBBBBBB— jiB—§——BgB» 
B— BB  —  B— BiBBlBB— —  BBBBB  BBBB— — BBB— —B—  BB—BB—— B— BB  B—ya  SB— S  BBBBBB— — —B— S 


:ss: 


■•B  BB—B  a 
B  BBBBB  BBBBBB  BB—B  BBBBB  • 
— | B  —  BB—BB—  IB—  BBSS 


BBBBBB— B  —  BB>  BBB— BBrf—BpB  —  BB— B,  B—BB—BBBBpg—B— BBBBB—  TtKlMMM 
BBBBBBBBBB —BB —B—  —  B— —  B  B8  8— —BBB— B— —  B  a— S  BB— B  — a— 1 M— — B— B— 1 
•BBSS— BB  BB— B  BBBBB  — — BB—  —  I—  I  — B—  8— — B—  B— —  SB <|—  BBBBB  MB—  I 
•BBBB—  BBBBBB—  BBB—  —  BBBBBBBB  —  BBB—  B— BB  BBB—  BBB— B  BBBBBB— —IBB— I—  b| 
—————————  BBBBB#—  — B—  BBBBBBB—  BBBB—  — BIB— — i — — ■■ 

I— B—  —  —  B  — BB  BBB—  —  —  B  —  —  B—  (I 

■H  B  B »  —  —  *  — BBf  fr»4« B  bMOTH 

SB——  s*— S  •—  •—  H 

^^^^^^^^^^^^^^^MbBBBBBIWI BtaniBB— PbBW 

.•  M—a— 

BBBBB  BBBBB *M'-99  B 


BBBBBBBB— BBBBB  B| 

pBBBBBBi— —  B  — BifMBjB 
lain  BBB—  BB— a  BBBBB  BBS— 
a  BBB—  —  S—  BBBB*  S— SI  I 

BIBiniBBNBWBII— | 


i~£l 


\m 


Ik::: 
kk: 
!!!!!! 


BBBBBB 
BBB  — I 

bbbbbI 
bb  — ad 
—  B— 1 

:»k 

—BBB  d 

k ::■ 


%  ?|I 
\c>  4i 

in  i 

1 

VP  11 

vS&bo 


tB— — —  B— BB—BB B— B— — BB— —  — 
B—  B— BB  BBBBB  — — B  —  B  — ■—  (*«—— 
i  [b BB  B«— B  B—  B  A  B «— B  M  ■  — — BB  B I B  IBB  B « 
■  BBB—  B— BB  —BBB  BB  —  B  —I  —  —BBB  — 

has—  — BB— BBBB  BBB—  BBBBBB— — B— — M 


Cas  MBM  —BBB  B 

■■■■■■■■■••M  — «  MBM  B 

i— —  iMI —  BBB—  B— — — a—  BBS—  B 
iftt  /IBB—  B— —  B— Bl  MBM  MBM  B 
IBfBIlIBNrMHMBMBIMBBBfil 
ir*«M B—  BB  —  ■  BBBBB  —  BB  BMM  B 


P^H^HBbbS—  BBBM  BBB— BBBB — B(^^| 
fe B BBli—BB  BBBB B—  —  B  BB—B B B— B B B fl— W  BBBB  BBBBB  BBBBB 
jBBBB  B—  1— BB— j^pBBpB—  BBBB—BBBBC— BBf  BB  BBBBBBB— g 


BB  BB—B  BBB—  IBI— MM  B 
■MBfllBSBBlIlB'IMnBB 
BBpBBBB—  BIB»i-n  — B—  B 


■BBBB  BB—B 
BBBBB  —8—  BBBBB 
B  B—  BBS—  BBB— 

B— aBtlBBa  §BBBB  BB— B— BBBB— ^**BBiB—— BB—B— ————— 

VBIBBBI  — BB  BBBBB  Mill  BB— -  BBB—  BBBM  BB—B  a— BBB— SB— B  1 
BBMBI  —BBB  BBBBB  BBBB  I— —  BBB  —  MB—  B— —  iS—  B— —  BBBBB  1 

■—«—  B  —  —  BB  —  B 'MM— A— —— m— A— | HHBMB||||| 


r  ^  BB—B  IBB 
>  „  BB— B— Bl 


—BB—  IB—  —  B  — Bl  s— Bl  —  Bl  IB— —  BB—B  ■ 
a — B  B  —  BB  I  BBBB  B  — —  — —  BBBBB  MB  BB  8—  — M  B— BB  B— BB  B— >  \B  —  —BB AbI 
BBBia  B—  Bl  B— BB  BBB—  »  a—  BBBBB  BM—  BBB—  I— —  B— M  BBBBB  BB  a  I  -MB  B I  a  —  M  | 
WHlB  B—B—H  BB—B  —  BBBBB  —  P  — Bl—— I#— B—BMBBBBBB  (  —  —  B—BB| 

—  BBB—  BB— S  Maflir-flllBBM  —  BgB— B— B— —  B— —  —  BBB  BBBBB  —  BBBBl  BB—B  I 
UN  BBB—  MB—  MIS'.  <»*J»  —  BB  — —BB—B——— B——B— —————— iBh—BB— —| 


BBBBBBBB— B—  B—  BB—B—  BBBf  BBp— BgBB  —  BBBBBBB 

BBS—  BBdjpiir— Bp— BB  —  BB—BBBB—  — B—  BBB—  B 
SB  BBBB— B>VM  BBB—  BB—i  BBB— BBB—  BB—B  B—  ■  —  BB  B 


I  BB—BB 
I  BB—BB 


:B»:a 

BBBB—  B 
BBBBBBB 


tssi: 

:kw! 


BBBB— MB— BB—I— BBB 

gaasaaagt 


SSb—s 


(MMIKUIIMul 

ks  BBBBB  BBS  — BBB— I 
•SBBd—  —  BB—  BBI 

asur— ass— s— b— d 

■m  a— bi  si 


:sb: 


B  — BBBBB— BB— 


ik«: 


»lw**yctw«>  at 


K»i7Vf 


s 


Effect  of  Taaptrotur*  on  fb  of  Solution 
TrofttoA  4ftd  Af»d  tl  6A1-WV  Kioto 
xxpooor*  up  to  1/2  Mr. 


309 


A  WORKING  CURVES  (continued) 


1.4  Ti-6Al-6V-2Sn  Cond.  A 


Figures  1.4.1  to  1.4.44 


315 


8  ll>  2*i 

1  5ft  Zf 

c  If*  ,.i 


■msHHHHS 

BHBBnHBKa 


mnBBwmwm&mwmswmmmm 

|?iBeSsI.IipSS£3B8!«Hi!fil 


tiSKsn 


mm 

UtR:9R::n: 

mm  m 


SRS2I9 

liNtNI 

HttKSt 


A 


336 


337 


ta-.  aaafiil 


If  l»MI  MMMillUMMUBMtyi  **»■■ 

PWP— in— 

liiiaafh— j  ii  aaa aaaaa  aaaaa aaaaaaaiaa  aiaaaaalaa  aaaaaaaaaa aaaaa  aaaai  aaaaaaaaaa  jjaaaaiaBa»pi 
i— ■— a  aaaaa aaaaa  wwmmmm—  — aa  »■*« i»»mwm»»w  — mmim aaa  — —  aaaaa aaaaa  •*> 
- - MMMMaMMaMMI  aaiai  |MM  mm 


•■  2SSS  £2222  CSS  m5£S  S 

i  \'l 


( 

s 

'A* 

p 

kt 

,1 

sfl 

l|| 

sj* 

ill 

i! 

aaaaa  aaaaa  ■ 

aaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaai  aaaaa  aiapa  aaaaa  jfmmm 

igjaiSasasaaggasaff.aa^; 


agsaaBssaMBSMBgBggtsai 

^ 

^ssiaiMR.juciiimiiBiBsai  micssi 


■■■■■ ■■■■■ 

aaaaa aaaaa aaaaa aaaaa aaaa 
■aaM  MMf  ■••■■«•■••  •■■• 

■  ■aMMMlittMUUaMU 


OB/ 

-fia 

^  Mjei 


■■•MfiilMNUuiMUiiaiaiwpHIIMMII 
■ ■■■•■■■•*  aaaaa  aaaMaaaanaaaaaa§MiBfN«Baaaa 
i  luiiiaaa  taua  iMia  a  a  aaa  Kaaaa  aaaaa  aaaaa  aaaaa  a 
fcapaaaa a  aa  a  ana  a  aaaaaaaaaa  aaaa a aaaaa  apaaaaaafcaa 
!•  aoaaaaa  a  a  a  a  *9  aaaa  a  a  a  a  aa  a  aafi  aaaaa  aia  a  a  aaaaa  a  a 

KaatSSaa222SiI2S2SI2SSSIalM2SSSSISS2IISS2II 


i 

!  ®  1 
ii  J « 

u  iL* 


aaaaaaaaa  aaaaa  aaaaaaaaM 

MMMM a  aaaa  aaaaa  aaaaa  a 
lUMiiiiainMii 

w  muiuii  a 
Miaaaa  aaa  via 
iaaaaaaaaaia 

iwHBKJt 


Rs:y2jjj«j22jj{ 

Maaaaa 


aiaaaaa^aaaa 


aaaaa^H _ 

if««ai*i*ia 

•laaaa  a*  aaa  IIPMMBI 

•tanaiMniiiHiaiN^M 

isaossihsis:: 


aaaaaaaa w  I 
■nua'^a 

Uta«aaaj 

aaaalflflfnT 
kaaaaiaaaaaaa 


—a  aaaaaaaaaa  aaaaa  aaaaai 
aaaaa  aaaaa  aaaaa  aaaaa  aaaaa 
a  aa  aa  a  a  aa  a  aaaiMMMHMaaa 


a  aaaaaaaa*  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aa 
I aaaaa aa-aa  aaaaa aaaaa  aaaaaaaaaa  aaaaa  a a 
a aaaaa aaaaa aaaaa laaaa aaaaa aaaaa aaaaa pa 
a aaaaa aaaaa aaaaaaaaaa aaaaa aaaai aaaaa aa 
a  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaaaaaaa  a 


■  aaaaa  aaaaa  •  aMII 

■  aaaaaraaaa  aayap  aa 


MlSStSBM’KVRVtoiStl* 

f^gaaa  aaaaaaaaaa  aaaaa  y  aaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  ai 
■■aaa*  ■< aaaa t aaa v  <aaaaaaaa>-  «aaaaaaaav  paaia  aaaai  <aaaaaaiiv  41 
TP>WaaaTaaa»  taaaaaaaa^  -taaaa aaai^  taaaa aaapa’.MaaaaaaaBi 

•aa  aaaaaa  aaaa  aaaaa  a  nap  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  a« 

aaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaa  a  aaaa  aaaaa  aaaai  4 '  •■!■!  *1 

iaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  a 
faa aaaaa aaaaa aaaaaaaaaa aaaaa aaaai aapaa aaaaa |aaaa aaaaa a 
•aa aaaaa aaaaa aaaaa aaaaa Saaaaaaaaa aaaaa aaaaa aaiaaaaaaiaJ 

«MnmamaiH||||MHHMM||M||MMMMMMMMd 


aaaa* 

*•**■ 

auaH _ 

aaaaa  aaaaa  a 


ins:: 

JSSig 

• aaaaa aa 

:Hr3 


a  aaaaa  aaaaa  | 
aaiaaaaaaail 


Bisassa 

t.  taaaa  aaaaa  aia  a] 
a  aaaaa  aaaaa  aaa  jd 
a  taaaa  aaaaa  aaaai 
■ aaaaa aaaaa aaaa 
HBMluailtlMH 

a aaaai aaaaa  aaaaai 
i  aaaaa  aaaaa  aaaaa  I 
a  aaa  ii  aaaaaaaaaa  1 
a aaaaa aaaaa aaaa a  I 
1 pi aaa aaaaa aaaaai 
i  aaaaa  aaaaa  aaaaai 

Hlliisnl 


K 
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2.1  Ti - 4 Al-AMo- IV  Cond.  A 


Figures  2.1.1  t-  £.‘.2 
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FATIGUE  S-H  CURVES 


2.2  Ti-6A1-4V  Ccnd.  STA  Figures  2.2.1  to  2.2.2 
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2.4  Ti-6Al-6V-2Sn  Cond.  STA  Figures  2. 
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